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Natural hydrocarbons have extensively contaminated both the hydro-lithospheres, damaging the 
environment and the health of the people living in the Kirkuk region of North-East Iraq, which is an area 
with a world´s significant crude oil reserves as well as various hydrocarbon seeps and brines. The study 
area is located in the Zagros fold-thrust belt, within the Low Folded Zone in the northeast of the 
Mesopotamia basin. Complex fracture systems and faults frequently cut across the Eocene, and middle 
Oligocene limestone reservoirs and the evaporates Miocene cap rock. High-density maps of the detected 
faults and lineaments within Fatha Formation have interpreted as potential seepage locations, even for 
seeps that are not exposed on the surface. 
The present thesis aims to investigate hydrocarbon seeps, and oil brine seeps contamination impact on 
the surface, groundwater as well as the soil’s physical and chemical properties. Therefore, various 
methods were used starting by identifying the origin of the seeps as a base to assess the source and 
ending by estimating the contamination level of hydrocarbons and related brines in water and soil 
directly or remotely. The essential concept of the present thesis is based on the known hydrocarbon 
seepage sits – which were recorded for hundreds of meters on the surface – and the sub-surface 
properties of the stratigraphy and hydrogeology conditions. In addition to the several reports and studies, 
the primary data source was based on the wide variation of the collected samples, i.e., crude oil and 
brine water samples from the selected oil reservoir to define the reservoir characterization and migration 
level.  
Moreover, the reservoir oil types were used to compare them with surface crude oil seeps samples. The 
surface and groundwater from the selected location and different aquifers beside soil and rock samples 
explained the aquifer's recharge and led to the appropriate speculation of the hydrodynamic and 
hydrogeological conditions. The measurements included: a) oil density, organic and inorganic 
components and biomarkers for crude oil samples, and polycyclic aromatic hydrocarbon PAHs; b) 
hydrochemistry, stable isotopes; and c) the spectral reflectance behavior of crude oil and different 
contaminated soil samples, organic components (organic carbon (OC) and total petroleum hydrocarbons 
(TPHs)) and x-ray diffraction to explain the chemical composition of the soil samples.  
The multiple data were transformed into one database, and the results were used to complete the final 
hypotheses in a conceptual model, which explains the mixing mechanism of crude oil and brine seeps 
with the surrounding environment. The strontium isotopes (87Sr/86Sr) showed the mixing processes 
between shallow groundwater resources, uprising oil field brines and differentiates it from the 
dissolution of gypsum and halite from the Fatha Formation.  
The final discussion and conclusions connect all of the results and try to simulate the sub-surface 
hydraulic conductivity and highlight the contamination zones that were explained in the final 
comprehensive conceptual model, enriching our knowledge of the petroleum and the hydrogeology 
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systems of the selected fields within the Zagros fold-thrust belt. The obtained results mainly highlight 
the reasons behind the environmental consequences that can be a threat to the human health. The 
conclusion of this study opens the door to compare the findings with other locations within the study 


































In der Region Kirkuk im Nordosten Iraks haben natürliche vorkommende Kohlenwasserstoffe sowohl 
Böden und Wasserressourcen stark verunreinigt als auch die Umwelt und die Gesundheit der Menschen 
geschädigt. Kirkuk ist ein Gebiet mit weltweit bedeutenden Rohölreserven die stellenweise oberflächlich 
zu Tage treten. Das Untersuchungsgebiet befindet sich im Zagros Falten- und Überschiebungsgürtel 
innerhalb der schwach gefalteten Zone im Nordosten des Mesopotamienbeckens. Komplexe 
Bruchsysteme und Verwerfungen durchqueren häufig die Reservoire in den Kalksteinen des Eozäns und 
mittleren Oligozäns, sowie die Evaporite der miozänen Deckgesteine. Dichtekarten der bekannten 
Verwerfungen und Lineamente innerhalb der Fatha-Formation wurden als potenzielle Ölaustrittsstellen 
interpretiert, wobei dies auch für Austrittsstellen gilt die nicht an der Oberfläche freiliegen. 
Die vorliegende Arbeit zielt darauf ab, Kohlenwasserstoffaustritte und Austritte von Solen zu 
untersuchen, die Auswirkungen auf das Grundwasser sowie die physikalisch/chemischen Eigenschaften 
des Bodens haben. Dazu wurden verschiedene Methoden angewandt, beginnend mit der Identifizierung 
der Herkunft der Sickerwässer als Grundlage für die Quellenbeurteilung und endend mit der direkten 
Bestimmung von Kohlenwasserstoffen Wässern und Böden. Die wesentlichen Ansätze der vorliegenden 
Arbeit basieren auf bekannten Kohlenwasserstoff-Austritten, die über Hunderte von Metern an der 
Oberfläche nachgewiesen werden können, sowie auf den stratigraphischen Kenntnissen des 
Untergrundes und den verknüpften hydrogeologischen Bedingungen. Neben einer Auswertung von 
vorhandenen Publikationen und Berichten wurde eine große Vielfalt von Proben aus dem 
Untersuchungsgebiet untersucht, d.h. Rohöl- und Soleproben aus ausgewählten Ölreservoiren, die zur 
Charakterisierung der Reservoire und des Migrationsverhaltens verwendet wurden. 
Desweiteren wurden die Öltypen der unterschiedlichen Reservoire bestimmt, um sie mit oberirdischen 
Rohölsickerproben zu vergleichen. Die Analyse von Oberflächen- und Grundwasserproben aus den 
verschiedenen Grundwasserleitern im Untersuchungsgebiet diente zur Ermittlung der dortigen 
hydrodynamischen und hydrogeologischen Bedingungen. Die Messungen umfassten: a) Öldichte sowie 
organische und anorganische Komponenten und Biomarker in Rohölproben inklusive polyzyklische 
aromatische Kohlenwasserstoff-PAKs, b) anorganische Parameter (Haupt-Anionen und –Kationen sowie 
stabile Isotope des Wassers) in Wasserproben, und c) das spektrale Reflexionsverhalten von Rohöl und 
von kontaminierten Bodenproben, sowie eine Charakterisierung der Bodenproben auf den organischen 
Kohlenstoffgehalt (OC) und Erdölkohlenwasserstoffe (TPHs)), sowie und Röntgendiffraktometrie zur 
Ermittlung der chemischen Zusammensetzung der Bodenproben.  
Die verschiedenen Daten wurden in einer zusammengeführt um eine konzeptionelle Vorstellung zur 
Entstehung der Rohöl- und Solekontaminationen im Arbeitsgebiet zu entwickeln. So konnte durch 
Messungen der Strontiumisotope (87Sr/86Sr) in Grundwässern gezeigt werden, dass Mischungsprozesse 
zwischen flachen Grundwässern und Solen aus Ölreservoiren an lokal wahrscheinlich sind und sich diese 
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von salinaren Wässern die aus der Gips- und Halitlösungen in der Fatha-Formation resultieren 
unterscheiden lassen. 
Abschließend wurden die Ergebnisse in einem konzeptionellen geologisch/hydrogeologischen Modell 
der relevanten Entwicklungen im Falten- und Überschiebungsgürtels von Zagros zusammengefaßt. Die 
in dieser Studie verfolgten Ansätze können auch auf andere Bereiche mit ähnlich komplexer 
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The topic of this Ph.D. thesis was created based on the results of various studies in the Kirkuk area as 
well as surrounding areas of north-east Iraq. In addition to the cooperation between the Deutscher 
Akademischer Austauschdienst (DAAD) and the Ministry of Higher Education (Baghdad, Iraq), the 
Technical University of Darmstadt TUD strongly supports this Ph.D. financially and logistically. Kirkuk is 
the focus of the Iraqi oil production as a result of sizable oil reserves. Kirkuk oil field – as one of the 
international super giant fields – contains different types of crude oil seeps and surface springs. 
Meanwhile, the surface and groundwater resources were mainly used for human activities and irrigation 
for agricultural purposes. Although Iraq was among the first places where scientists started surveying for 
oil, studies are still minimal concerning the dangers of the contamination of surface and groundwater 
resulting from the vast oil reserves in Iraq. Three-quarters of the land in Iraq relies on groundwater, the 
flow of which is limited (Jassim & Goff, 2006). 
The crude oil seepage study included a careful assessment of the different components of the 
hydrocarbon contamination in soil, springs with direct and indirect influence in the surface and 
groundwater. All of the crude oil samples, water and soil samples were collected from my own personal 
surveys in the Kirkuk area. The samples were used with existing data to evaluate the additional effect of 
different aquifer rocks, reservoirs rock, faults, and fractures dimensions. The final finding of this Ph.D. 
thesis was actively contributed by essential scientific questions regarding the natural hydrocarbon 
environmental sources and their reflectance in the hydro-lithospheres in the Kirkuk area, as well as 
establishing a conceptual model for groundwater flow and crude oil migration trend towards the surface. 
1.2. Aims 
The aims of this Ph.D. thesis are as follows: 
1- Determine the characterization of crude oils samples from selected boreholes and surface crude 
oil seeps based on the geochemical, organic chemical analysis and the stratigraphic features of 
the geological layers, which can help to characterize the potential source reservoirs of the surface 
seeps. 
2- A better understanding of the groundwater quality and salinity source based on the 
hydrochemistry and stable isotope to evaluate the source effect of oil brine springs, and/or 
lithological layers within a new interpretation of aquifer’s hydrodynamics of the groundwater. 
3- Identify the spectral patterns of Iraqi crude oil by using a remote sensing technique and highlight 
the effect of the differences in the physical, chemical properties, as well as determining the seeps 
contamination level in the soil. 
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1.3. Concept and thesis outline 
The major concepts of this Ph.D. thesis are based on the understanding of several studies of the 
hydrocarbon analyses in the term of the natural crude oil seeps and evaluating the effects of the 
environment. This concept is highly applicable in the North of Iraq, where the Kirkuk area is located. 
The large area of Fatha Formation outcrops – as the shallowest exposed cap rock – shows a wide variation 
of crude oil seeps, where the effects on the soil and water were recorded and sampled. The field survey 
and the collecting of samples lasted around five months. The sample analyses and measurements were 
conducted in different laboratories in Germany. In this thesis, various studies were applied. As shown in 
Figure 1, the chapters are organized to introduce the study area from many aspects, i.e., the geology, 
the lithology of the selected formations, the petroleum system, and the hydrogeology conditions, as well 



















Figure 1: Network diagram showing the relationship between the chapters in this thesis   
 
The materials and methods of the origin definition of the surface seeps, groundwater’s contamination 
source and the hydrocarbon accumulation on the surface using remote tools were the subjects of chapter 
3. Furthermore, several batch experiments were conducted, and its results were added and explained in 
chapter 4, where the results are discussed in detail. The obtained results were the base of the conclusion 
to understand the seeps occurrence within a larger scale by displaying a conceptual schematic model. 
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2. Study area, conditions and description 
 
2.1. Location  
The study area is located in Northern Iraq at 35°28’N and 44° 24’E, and it covers an area of 8500 km2 
within the Kirkuk and Erbil governments (Figure 2). To the south of the Kurdistan region, Kirkuk is the 
largest city in the study area and one of the largest centers of Iraq's oil industry, with a population of 
about 1 million. Agriculture is widespread in the region, with mainly wheat and barley production and 
it strongly relies on irrigation using water from shallow aquifers. The study area is geologically located 
around the Kirkuk anticline structure as part of the Low Folded Zone within the Zagros basin. The Zagros 
fold and thrust belt stretch across a length of about 2000 km, which is commonly considered as an active 
tectonic area. 
Generally, the study area contains outcropping sedimentary rocks from Tertiary and Late Cretaceous 
sedimentary rocks (Jassim et al., 1986; Jassim and Buday, 2006c). With elevations ranging between 50 
and 994 m above sea level, it includes several anticlines that represent known oil and oil-gas mixed fields 
with stratigraphic oil traps. 
 
2.2. Tectonic and structure  
Iraq – as also located to the north of the Arabian Plate – formed part of the northern margin of Gondwana 
with the Palaeo-Tethys. The Kirkuk Embayment represents the intermediate region between the shelf-
margin prism extending from the basement of the Arabian Shield in the west of Saudi Arabia to the 
frontal thrust belt of the Zagros Mountains in the east of the Arabian Plate, as in its present configuration 
(Al Ajmi, 2013). Therefore, it is necessary to take into consideration data from surrounding regions 
including north-eastern Saudi Arabia, eastern Turkey, and western Iran. The Infra-Cambrian Hormuz 
complex represents the first deposition of a mega sequence, which is variably evaporitic or siliciclastic 
along the strike of the Zagros Orogen (Sharland et al., 2001; Zebari and Burberry, 2015). The potentially 
transtensional grabens and tilted fault blocks of the Zagros area were characterized by north-south 
trending during the Late Ordovician – Early Devonian. This trend results from the east-west extension 
of Caledonian orogeny (Sharland et al., 2001). The meander trace line between the Foothill zone and 
Zagros fold zone delineating the Kirkuk Embayment, the Lurestan arc and the Dezful Embayment can be 
related to the Hormuz salt distribution (Figure 2), which acts as a decoupling level, as well as the tilted 
fault blocks (Kent, 1979; Sharland et al., 2001; Bahroudi & Koyi, 2004; Casciello et al., 2009; Munt et 
al., 2012). By focusing on the late Mesozoic and Cenozoic ages, the later closure of Neo-Tethys was 
marked along the line of the Zagros (Figure 3), as the Arabian part of the Afro-Arabian Plate was 
subducted below Eurasia (Sharland et al., 2001, Jassim and Goff. 2006). 
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Figure 2: The location of the study area within the tectonic classification (Aqrawi,1998; Munt et al., 2012) with significant 
hydrocarbon reservoirs (Al-Gailani, 1996) and crude oil seeps (field survey in this study and modified after Forbes, 1955) 
based on digital elevation model 90m (srtm.csi.cgiar.org) 
 
Subtle structural growth was controlled by the movement on basement strike-slip faults, which began in 
the late Albian (Sadooni and Aqrawi, 2000), where NE is one of the fundamental fault’s orientations 
(Ameen, 1992). The opening of the Red Sea at the end of the Oligocene era was accompanied by an 
uplift of the south-west and south-east margins of Arabia, meanwhile the final Zagros collision started 
at the end of Pliocene, causing wide thrusting and folding of earlier sediments and inversion of foreland 
structures (Sharland at al., 2001). The uplift of the Zagros Mountains and its related structures are a 
result of the collision of the continental Eurasian and Arabian plate during the separation of the 
continental Arabian and African plates. The relatively straight westwards movement of the plate 
boundary between the Anatolian and Arabian Plate was showing direction cross the Taurus Mountains 
range (McClusky et al., 2003).  
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Figure 3: Tectonic plates situation during the Early Palaeocene to Latest Eocene (63-34 Ma) Mild compression and closure of 
Neo- Tethys (After Jassim and Goff, 2006) 
 
The late Miocene was considered as a time when the culmination of the collision between the Eurasian 
and Afro-Arabian plates occurred, which also can be seen as a part of the Alpine orogeny (Falcon, 1969; 
Jahani et al., 2009). Up to 12 km, the thick section from Early Cambrian to Pliocene layers was 
recognized, which was affected stratigraphy by the uplift of the Zagros fold zone (McQuarrie, 2004; 
Csontos et al., 2012). The burial of the source rocks was recorded during this event makes the depth the 
source rocks is favorable for the generation of oil and gas (Bordenave and Hegre, 2005). Additionally, 
the hydrocarbon plays of Kirkuk and surrounding oil reservoirs with Miocene evaporates caprock were 
entirely affected by the built up complex anticlinal structures, which can be count as primary and 
secondary migration pathways (Al-Ameri & Zumberge, 2012). Therefore, it was essential to understand 
the potential hydrocarbon source rocks and the large-scale limestone reservoirs in the selected anticlines. 
Parallel to the Iraqi-Iranian borders, anticlinal structures, and many related oil fields are extending from 
the north of Iraq to the south-west of Iran have an NW trend elongation, which can be clearly observed 
from satellite images (Figure 1). This trend meets the Taurus and Sinjar mountains (NW of Iraq) with 
an E-W trend along northern Iraq, Syria and south-eastern Turkey. As well as this part is considered a 
transition zone between the Mesopotamian foredeep in the south and anticlinal structures in the north 
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of Iraq, which define as the beginning of the Zagros fold and thrust belt zone (Csontos et al., 2012). The 
changes in the structural strike of the mountain belt are an additional distinguishing feature of the area. 
In the direction of the south of Turkey, the strike line changes by around 25°-30°, from an NW-SE strike 
towards an E-W strike (Csontos et al., 2012). Therefore, in this area, every feature will be affected and 
also the distribution and the orientation of the all related oil fields. 
 
 
Figure 4: Velocities the Arabian plate were based on GPS with 1‐sigma confidence ellipses in a Eurasia‐fixed reference frame 
(ArRajehi, et. Al., 2010) 
 
Earthquakes in northern and north-eastern Iraq have focal mechanisms showing both thrust and strike-
slip movement (Zebari and Burberry, 2015), as listed in the online USGS database 
(earthquake.usgs.gov). The global positioning system (GPS) calculates the annual moving off the 
northern part of the Arabian Plate towards the NNE direction at a rate of about 15 mm per year. 
Meanwhile, the Turkish plate is moving towards the west at a rate of about 21 mm, and the Iranian plate 
is moving towards the NNW at a rate of about 16 mm (Reilinger et al., 2006; Abdulnaby et al., 2014) 
see Figure 4. The continuous tectonic activity has recently presented infrequent high magnitude 
earthquakes. For example, in the Halabja area (155 km to the east of Kirkuk city), a major 7.3 magnitude 
earthquake occurred in November 2017 (USGS 2017). 
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2.3. Stratigraphy and Geological description 
The surface geology of Iraq nearly reflects its morphology. According to (Jassim and Goff, 2006) 
basement tectonic caused major faults zones with NW-SE orientation and NE-SW transversal faults, 
which used as a base to identify five major blocks starting from Basra block (The upper boundary is 
defined by Takhadid-Qurna Fault) until Sinjar-Abdul Aziz block (The lower edge is defined by Sinjar-
Herki Fault) (Figure 5). Moreover within the central Iraq block and Deir Al Zor- Erbil block, the major 
faults with an NE - SW trend are transverse, reaching the basement rocks and dividing the Kirkuk and 
Mosel to smaller blocks.  Kirkuk and Mosul blocks show significant differences in their level shape and 
relative arrangement (Ameen, 1992). Besides, within every single block, the synorogenic differential 
movement on longitudinal basement faults (fault stacking) affected hydrocarbon generation, migration, 
and entrapment.  
As described in paragraph 2.2, the tectonic activity is the main reason for the high fault system in the 
area, which can be found within the reservoirs and in the cap rock formations exposed at the surface. 
Due to the tectonic activities in the region, the whole sequence of sediments is extensively fractured. 
These faults and other lineaments can be defined as simple linear or brittle geologic structures (faults, 
fractures, joints, etc.) of a surface that can be mapped. Their parts are aligned in a rectilinear or slightly 
curvilinear way, and they differ distinctly from the patterns of adjacent features and presumably reflect 
a sub-surface phenomenon (O`Leary, 1976). Since the 1950s, numerous studies have analyzed the 
effects of fault systems on an oil reservoir. Frequent joints and minor breaks may cut across the reservoir 
complex in all directions (Daniel, 1954). Consequently, the lineaments can be the most influential factor 
in understanding the migration processes of the reservoir fluids, as well as evaluating their impacts when 
coupled with other factors like bedding, hydraulic properties, and erosion in formations sealing 
hydrocarbon zones.  
Most prominent fractures and thrust faults are oriented parallel to the anticline axes and cut deep into 
the sediments reaching the oil reservoirs, e.g., the Kirkuk anticline major thrust fault – as the leading 
case example – is acknowledged as the longest thrust fault in the area, with an approximate length of 
110 km (Sissakian, 1993). Several faults that do not reach the surface have been identified in drilling 
logs and by geophysical investigations (Daniel, 1954). Regarding the geological situation, the youngest 
sediments (Quaternary and Neocene) lie within the central depression (Mesopotamian basin), while the 
flanks expose older strata of a Paleocene to Paleozoic age with respect to the south-west part, where the 
Arabian Gulf is located (Figure 5). In the north-east – where the study area is located – a series of ridges 
and depressions appear in anticlines. However, the geology of the study area shows a wide variety of 
marine and non-marine sedimentology rocks outcrops, while the dominant rock units in the study area 
are carbonate-sedimentary rocks (Table 1). 
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Figure 5: The distribution of the major fault system and their identified blocks (Jassim & Goff, 2006) placed on a lithological map 
of the exposed formation of Iraq (Sissakian and Fouad, 2015) 
 
The lithology of the surface shows outcrops of the cap rock Fatha Formation to the Oligocene - Eocene 
reservoir. Due to the tectonic activates and the erosion, various outcrops can be found, and thus the age 
of sedimentary rocks covering study area includes Quaternary and Tertiary (Figure 6). The most 
significant part of the surface geology of the study area is covered by the various thickness of Quaternary 
deposits represented by sheet runoff deposits, river terraces polygenic deposits, slope deposits, 
depression fill deposits, floodplain, valley fill deposits Sabkha and sand dunes (Sissakian, 1993). Tertiary 
deposits with a second broad class of the area were exposed mostly across anticlines, synclines and faults 
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represented by the oldest Fatha Formation (Early to middle. Miocene), surrounded by the rocks of the 
youngest Injana Formation (Late Miocene), Mukdadia Formation (Early Pliocene) and Bai Hassan 
Formation (Late Pliocene). 
 
Figure 6: The surface geological map of the study area and the location of the seismic sections (modified after Sahib et al., 
2016) 
 
The cores of the anticlines are mainly formed by fractured limestone of Late Cretaceous to Tertiary age, 
being the host rocks of abundant oil and gas accumulations. They originate from Jurassic and Early 
Cretaceous source formations below (Pitman et al., 2004; Sahib et al., 2016). As the outcrops comprise 
Neogene sedimentary rocks, the cores of anticlines may expose Eocene limestone or Late Cretaceous 
sedimentary rocks (Jassim et al., 1986). As discriped in Chapter (2.4), Several formations in the 
geological column can be considered as reservoirs, but in the frame of the present study, the most 
important reservoir formation is the Kirkuk Group, which is represented by a complex of back/reef/fore 
reef and basinal units (Jassim and Buday, 2006c). The Fatha Formation with age of Miocene represents 
a cap rock formation. This formation is characterized by anhydrite, gypsum, and salt, interbedded with 
limestone, marl and fine-grained clastic (Buday, 1980). 
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Figure 7: Seismic section (No. 48) for Baba area explain the major reservoir, geological formations, and detectable thrust faults. 
Seismic section and well logs database of the North Oil Company (NOC) 
 
The field survey and seismic sections locations (Figure 6) show the thrust fault of the Kirkuk fold, which 
is overlapped by the NE flank. Seismic sections and their interpretations were further illustrated and 
confirmed the geological and tectonic setting and the location of seeps from another point of view; Figure 
7 for example, is a seismic interpretation of the section No. 48 of Baba Dome (Kirkuk and its domes are 
explained in paragraph 2.5.3.1). Two significant oil resources and several faults were defined, the 
location and the sequence of the geological column - including hydrocarbon reservoir and their caps 
rocks - within Cretaceous and Tertiary were explained in a paragraph (2.4). 
Five projected 2D sections representing Avanah and Khurmala domes close to the Lesser Zap river show 
two sets of thrust fault systems on each flank, dipping towards the center of the structure (Figure 8). 
Such fault systems can be considered as potential seeps paths to the surface. The record drill logs of the 
related wells explain major effects on the shallow formations like Fatha Formation – which have outcrops 
on the surface – as well as the older layers reaching to the late Jurassic formations. The seismic sections 
(No. 44 and 386) of Avanah Dome show similar effects of the faults with the direction to NW (Khurmala 
Dome). The highest shift of the thrust faults was recorded mainly on the older layers comparing to the 
other layers (No. 386 and 26). One section with an orientation parallel to the Kirkuk anticline (No. 18B) 
shows the main fault, which divides Baba and Avanah Domes. Seismic, significant correlations between 
remote sensing data and sub-surface studies were made. 
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Figure 8: Block diagram and five seismic sections for Avanah area explain the major reservoir, geological formations and 
detectable thrust faults (five seismic sections). Seismic sections and well logs database of the North Oil Company (NOC) 
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2.4. The geological Formations 
2.4.1. Jurassic Period 
The Middle-late Jurassic formations contain one of the world's most essential hydrocarbon systems 
(Aqrawi et al., 2010). However, in Iraq, the few studies cannot explain this mega sequence in an entirely 
successful way (Alsharhan and Nairn, 2003; Jassim & Goff, 2006). This study focuses more on the 
shallow formation, although the author described the late Jurassic layers (hydrocarbon source rocks) 
shortly. Starting from the Najmah, Chia Gara and Barsarin formations, Bellen et al., (1959) descript the 
main lithology is based on marine deposits like limestone, dolomitic limestone and marly limestone 
(Table 1). Naokelekan Formation is showing bituminous dolomites and limestone interbedded with 
black, bituminous shale (Buday, 1980). The late Jurassic Karima Formation, showing a sequence of 
monotonous, dark-colored, calcareous mudstone Bellen et al., (1959). 
2.4.2. Cretaceous Period 
As one of the most important periods, Cretaceous formations have been the focus of several studies. 
However, the mid-Cretaceous formations in the Foothills Zone of the Zagros in north-eastern Iraq were 
challenging to relate to each other (Alsharhan and Nairn, 2003). Most descriptions of the Albian-
Turonian formations in the Foothills Zone are based on the studies conducted by Bellen et al., (1959) 
and Buday (1980). In general, the age’s boundaries are poorly defined or with wide-ranging 
interrelationships (Alsharhan and Nairn, 2003). The main Cretaceous formations in the study area are 
also described by dominant limestone as marine deposit lithology like Sarmord, Qamchuqe, Dokan, 
Komitan and Musharah formations (Table. 1). In Garagu Formation, the primary layers comprised of 
sandy, oolitic limestone with marl and sandstone(Bellen et al., 1959). 
The Gulneri Formation was deposited in a basinal, euxinic environment and it is comprising black, 
bituminous and calcareous shale with some glauconite and collophane in the lower part (Buday, 1980). 
The most widely developed formation within the High Folded Zone is Shiranish Formation. With total 
thickness up to 400 m, it consists thinly-bedded, marly limestone overlain by blue, pelagic marl and 
occasional marly limestone beds. The marl sometimes is dolomitic and it rich with microfauna (Owen 
and Nasr, 1958; Bellen et al., 1959; Alsharhan and Nairn, 2003). 
2.4.3. Tertiary Period 
In Iraq, the foreland basin is known as Mesopotamian Basin, which developed in the Cenozoic time. A 
slightly progradational carbonate shelf developed on the passive SW margin of Mesopotamian basin in 
Paleocene - Eocene time, and a more aggradational shelf expanded on the active NE margin (Aqrawi, 
2010). The main Tertiary formations can be listed as the following:  
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2.4.3.1. Aaliji and Jaddala/Avanah formations 
In the type section in well Kirkuk-109 a sequence of about 150 m of gray and light-brown, argillaceous 
marl, marly limestone, and shale with fine-grained chert and associated rare glauconite were definite 
(Alsharhan and Nairn, 2003). The formation was interpreted by Buday (1980) as typical offshore marine 
sediments containing a series of marginal uplifts with reefs in north-eastern North. As deep-water 
deposits, Aaliji and Jadala/Avanah were interpreted including a 350 m of marly and microporous 
(chalky) limestone and marl with occasional thin intercalations of oolitic, peloidal grainstone (Bellen et 
al.,1959; AI-Kufaishi and AI-Rubaie, 1986).  
2.4.3.2. Kirkuk Group formations 
In northern Iraq, Oligocene sediments have been assigned to the Kirkuk Group divided into numerous 
formations with relatively restricted distribution and thickness. The individual formations are showing a 
progression from the reef and back-reef facies into offshore and basinal conditions (Alsharhan and Nairn, 
2003). The most remarkable formations were identified in presumed stratigraphic order as the following: 
 
• Palani Formation (Early Oligocene). 
• Shurau Limestone Formation (Early Oligocene). 
• Sheikh Alas Formation (Early Oligocene). 
• Tarjil Formation (Early Oligocene). 
• Bajawan Formation (Middle Oligocene). 
• Baba Formation (Middle Oligocene-early Late Oligocene). 
• Anah Formation (Late Oligocene). 
• Azkand Formation (Late Oligocene). 
• Ibrahim Formation (Late Oligocene). 
According to (Aqrawi, 2010), In the Anah, Bajawan and Shurau formations, reef-zone facies appear. 
Heterolithic embedded limestones with colonial corals and algae are comprised. Additionally, the Anah, 
Bajawan and Shurau Formations are a forming part of Back-reef (lagoonal) facies. Azkand, Baba and 
Sheikh Alas formations were assigned to the fore-reef to slope facies of the Kirkuk Group (Bellen et 
al.,1959).  
2.4.3.3. Serikagni Formations 
With mainly globigerinal chalky limestones with a few layers of limestones representing the basinal 
facies, (Bellen et al.,1959) was the first who intorduced the Serikagni Formation in 1955. These Facias 
is unconformable in several locations and overlay the basinal Oligocene formations or Jaddala Formation 
(Alsharhan and Nairn, 2003).  
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2.4.3.4. Euphrates Formation  
The Euphrates Formation lies under the Fatha Formation (Miocene) in the north-west part of the study 
area and extends eastward. It mostly contains chalky limestone with thin layers of marl and gypsum, 
these indicate a shallow marine environment of sedimentation. The Euphrates Formation can consider 
as oil reservoir in northern Iraq (Hammoshi, 1972; AL-Mamuri, 2005). This formation lies 
unconformably under the Al-Fatha Formation and has thickness until 33 m. 
2.4.3.5. Dhiban Formation 
In this formation, gypsum layers, thin beds of marl and brecciated recrystallized limestones were 
recorded. Such layers represent the final evaporitic sediments of the Late Early Miocene subcycle (Buday, 
1980). The depositional environment was not fully formed by lagoon evaporitic conditions or basin-
centered Sabkhas and saline environments (Jassim and Goof,2006). (Hammoshi, 1972). 
2.4.3.6. Jeribe Formation 
The Jeribe Formation is mainly characterized by limestone, albeit with more recrystallized and dolomitic 
conditions similar to the Euphrates Formation (Alsharhan and Nairn, 2003). The lower contact between 
the Serrikagni Formation and the Jeribe Formation is unconformable. In many locations, when the 
Dhiban Formation is not present, it is may be replaced by the Euphrates Formation (Bellen et al., 1959). 
In this case, the Euphrates Formation underlies the Jeribe Formation. In the study area, the Jeribe 
Formation separates the Euphrates Formation from the Dhiban Formation. 
2.4.3.7. Fatha Formation (Early Fars) 
Fatha is one of the most important geological formations in this study. The first records of this formation 
were introduced in the Agha Jari oil field from the south-west of Iran (Bellen et al., 1959). In Iraq, the 
typical sections of this formation were recorded in the Makhol area to the south-west of Kirkuk. However, 
the Fatha Formation is considered as a reservoir in the south of Iraq and Iran. The exact age of deposition 
is a matter of controversy. Sayyab and Kureshy (1967) also Mahdi (2007) assign the formation to the 
Early Miocene and Bellen et al., (1959) to the Middle Miocene. Majid and Veizer (1986) mark the 
occurrence boundary of the Fatha Formation from Oligocene to Miocene. 
With age of 20 M, the environment of sedimentation is a shallow marine. According to Bellen at al. 
(1959), The formation was divided into four irregular units: upper red beds (Figure – App. 1), seepage 
beds (Figure – App. 2), saliferous and transition beds. The oil wells data in the Area of Interest (AOI) 
showed that the thinness can reach more than 900 m. However, the thickness of the formation is variable 
from one location to another, where it reaches 305 m thick on the NW (Khurmala) Dome of the Kirkuk 
structure, and 610 m thick on the SE (Baba) Dome (Aqrawi et al., 1989; Aqrawi, 1993). Generally, 
   35 
Buday, (1980) and Aqrawi (1993) describe the Fatha Formation as comprising anhydrite, gypsum and 
salt, interbedded with limestone and marl, forming an important cap rock layer to numerous oil 
reservoirs in the north of Iraq (Hammoshi, 1972). 
The outcrops of the Fatha Formation can be mostly found on the NE flank of the Kirkuk, Bai Hassan and 
Jambur anticlines, while the SW flanks mostly lie below the alluvium. The Fatha Formation outcrops 
cover the majority of the Qaiyarah oil field. Meanwhile, this layer lies under thick column alluvial 
deposited in the Khabbaz oil field. The out croup of the Fatha layout is limited near the folded anticlines 
axis, which results from the tectonic folding process. The Injana, Mukdadia and Bai Hassan formations, 
as well as Quaternary deposits, can be found in both limbs of all anticlines especially, in the north-east 
from the study area. Finally, it is important to highlight that most of the recorded seeps in the AOI were 
recorded within the outcrops of the Fatha Formation. 
2.4.3.8. Injana Formation (Late Fars) 
The Injana is the most dominated formation on the sides of the Kirkuk, Jambur, Qara Chauq, and Bai 
Hassan structures. The formation is characterized by consecutive beds of gray sandstone and red 
siltstone, a few lenses of limestone and gypsum, which appear on the lower part of the formation. The 
environment of sedimentation is mostly continental. The maximum thickness of the formation is 900 m 
near Kirkuk (Jassim and Goff, 2006). The appearance of a gravel layer above the Injana Formation 
indicates the beginning of the Mukdadia Formation (Al-Jaboury, 2009). 
2.4.3.9. Mukdadia Formation 
This formation is described as Early Bakhtiari Formation in Iran by Busk and Mayo (1918). The lithology 
is mainly formed through a cyclic repetition of sandstone, claystone, and siltstone (Jassim et al., 1984 
and Al-Rawi et al., 1992). The gradient of the grain size starts from sandstone beds in the lower part 
ending to claystone in the upper part (Sissakian and Al-Jibouri, 2012). The Mukdadia Formation rests 
conformably over the beds of the Injana Formation, although it can be found with angular unconformity 
(Figure – App. 3). 
2.4.3.10. Bai Hassan Formation (Late Bakhtiari) 
The outcrops of this formation are found around the major structures in the AOI. With almost entirely 
comprises terrigenous clastic from silt to boulder conglomerates, Bai Hassan Formation occupies an 
enormous area to the north-east of the Kirkuk anticline (Buday, 1980). However, the grain size of the 
classics increases generally upwards and is interbedded with sandstone siltstone and claystone. The 
environment of sedimentation is continental, resulting from the erosion of the high mountains. Its total 
thickness reaches up to 750m, where it is difficult to diagnose the separation limit with the overlying 
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Quaternary sediments (Jassim and Goof, 2006). The appearance of the first layer of conglomerates marks 
the boundary between this layer and the underlying Mukdadia Formation (Buday, 1980). 
2.4.4. Quaternary Deposits 
Most of the recent Quaternary deposits are formed by diverse sediments from Pleistocene and Holocene 
reaching to the recent deposits. The wide variation of different morphologic and lithological features can 
be explained by different sediment layers within a relatively short time (Jassim and Goof, 2006).  
Due to the good porous and permeability, the Quaternary deposits are considered as a good media for 
the good quantity of groundwater availability. However, limited permeability in some locations was 
referred to the recent deposits comprise fine-grained sand and gravel, silty clay and gypsum (Al-
Hamdani, 2009). According to (Sissakian and Al-Jibouri, 2012), a briefly describe the most important 
types of Quaternary deposits can be shown as the following:  
2.4.4.1. River traces. Pleistocene-Holocene 
Close to main rivers of the area, the deposits of multi layer represent multi seasons events with high and 
low precipitation. The calcareous, sandy and gypsiferous are the main cementing materials for the 
sediment gradients. In general, river traces is shown cross-bedding, graded bedding and channeling 
sedimentary structures. 
2.4.4.2. Polygenetic deposits. Pleistocene-Holocene 
The major composite of this deposits is silt, clay, sand and a mix of gypsum and iron, although the 
cementing materials are also from different sources. The average thickness is bigger than 1 m and most 
of these sediments are used for agricultural activities. 
2.4.4.3. Slope deposits and alluvial fans. Pleistocene-Holocene 
The source of these deposits is mainly from the mechanical erosion of the Bai Hassan Formation. Deposits 
can be found with the spatial distribution of slope deposits around the anticlines. A clear example of the 
alluvial fan can be found in the Qara Chauq anticline. With thickness varying from 1-8 m, this fan 
covering the surrounding area can be calculated as 15 km2 based on the spatial resolution of satellite 
data. 
2.4.4.4. Gypcrete. Pleistocene-Holocene 
These sediments can be found in small locations, and they are representing high interaction with Ca-
SO4. 2H2O especially close to the Fatha Formation deposits. 
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2.4.4.5. Residual soil. Holocene 
Residual soil sediments can be found close to the main river areas, similar river traces sediment. The 
main component is mixed soil with calcareous, gypsiferous, sandy, silty and clayey sediments. 
2.4.4.6. Sabkha deposits. Holocene 
Mostly located to the south-west of the Kirkuk anticline. With a maximum thickness of 1-2 meters, the 
major components are clay and high salty. 
2.4.4.7. Floodplain and valley-fill deposits. Holocene 
These deposits are located close to the main rivers and their tributaries. It can be found as sand and silt 
eroded from the Bai Hassan Formation. Valley dropsies are formed mainly formed by gravels, sand and 
clay with 0.5- 3 meters as conglomerate accumulations. These deposits are located within the major 
rivers and their tributaries. It is found as eroded sand and silt from the Bai Hassan Formation. Valley 
deposits accumulate as conglomerate formed by gravels, sand, and clay with a thickness of 0.5- 3 m. 
2.5. Crude oil and petroleum system in the north of Iraq 
2.5.1. History and Finding 
Iraq has the recent name of Mesopotamia, which means “the land between two rivers” in Greek. This 
location hosted several ancient civilizations like the Sumerian, the Akkadian, the Assyrian, the 
Babylonian and the Chaldean (Neo-Babylonian). The Eternal Fire is a gas seep that has burned for at 
least 4,000 years until now (Figure 9). Great cities were built with developing industries and agriculture. 
The use of oil and bitumen were known for various purposes, like building to resist erosion and for 
mortar, wars as well as art (Das, P.K., and Baruah, H.,1997). According to Connan, (1999), this usage 
can be considered as proving the presence of numerous seeps in Iraq (Figure 9). 
At the beginning of this century, the seeps locations were the first evidence of underlining oil fields. 
Surface indications of natural oil and gas seeps are often recognized by local names such as naft, which 
is Arabic for oil; for example, NaftKhaneh (170 km south-east of Kirkuk city), NaftShahr and Masjed-
Soleyman in western Iran, Ain Nafat, west of Baghdad, as well as Kirkuk and Qaiyarah. These areas were 
the reason behind the decision to drill the first exploration wells. The most important and largest single 
reservoir in Iraq is the Kirkuk oil field in the north-eastern part of the country. The early findings – such 
as the Baba Dome in the Kirkuk field and the Qaiyarah field – were enabled by the occurrence of 
hydrocarbon seepage at the land surface, indicating the potential for an underlying reservoir. The 
biodegraded petroleum seepage has long been recognized as an essential indicator in oil exploration 
(Link, 1952). 
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Figure 9: A left photo showing baked bricks and bitumen mortar of the ziggurat at Ur. 2100 B.C.E (Bible and Spade.2004). The 
picture to the right, Kirkuk Eternal Fire in Baba Dome 2015 (photographed by the author) 
 
One of the first comments regarding the oil seeps was from the Austrian geologist Emil Tietze. In the 
year 1879, he noted in his paper: "Near Kirkuk, TuzKurmatti and Kifri, one of the most important areas of 
the Old World is waiting for future exploration; once those areas, at present, still much too remote, will be 
made more accessible to European skill." The first drilling took place in 1902 (Jassim and Goof,2006). 
The discovery well was drilled by the Turkish Petroleum Company. The Baba Gurgur-1 discovery well 
blew out with a column of oil some 40 m in height in October 1927 (Aqrawi et al., 2010). Seven hundred 
tribesmen were recruited to build a levee around the well to contain the oil, which created the river of 
oil (Figure 10). The well was finally brought under control after eight and a half days, flowing at a rate 
of 95,000 barrels of oil a day. Most of the other known oil fields in Iraq were discovered rather late, in 
the 1970s (Jassim and Goof,2006). 
 
Figure 10: River of oil resulted from blowing out of the well in Baba gurgur area in 1935. The first discovery well was drilled by 
the Turkish Petroleum Company on October 15th, 1927 (Library of Congress) 
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2.5.2. Petroleum System 
Iraq’s oil fields together form a mega-reservoir that comprises about 10.4% (143 billion barrels) of the 
known oil resources worldwide (OPEC, 2015). According to (Al-Gailani, 1996), 526 structures have been 
classified as potential hydrocarbon prospects, which mostly concerned as elongated anticlines with 
length range from 1 to 110 km. The most essential petroleum systems in the north of Iraq are the Jurassic, 
Cretaceous, and Tertiary (Jassim and Al-Gailani, 2006) and significant source rocks in the basin occur 
in the Jurassic. The Middle Jurassic Sargelu Formation is one of the primary source rocks and has a good 
to excellent hydrocarbon generation potential. 
The Kirkuk, Jambur, Bai Hassan, Khabbaz and Qaiyarah oil fields are located in the Foot Hill Zone 
(Figure 11). According to the Al-Ameri et al., (2006), the source rock has reached the oil window with 
a maximum temperature between 432 and 450°C. Beside Sargelu Formation, the Chia Gara and 
Naokelekan formations are described in the Kirkuk and Jambur fields as significant source rocks (Al- 
Ameri et al., 2006; Mohialdeen et al., 2013). The Chia Gara and Naokelekan formations were deposited 
after the Sargelu formation (Late Jurassic), therefore have seen less temperatures and maturity 
conditions (Al-Ameri & Zumberge, 2012). 
Most of the reservoirs in northern Iraq are formed by limestone, as well as the selected oil field, which 
contains three main pay zones, i.e., Cenozoic limestone, fractured Late Cretaceous marls and limestone 
and the Middle Cretaceous limestone (Aqrawi et al., 2010). The Cretaceous and Tertiary oil and gas 
accumulations in the Mesopotamian Basin and Zagros fold belt are overlying mature Jurassic and Early 
Cretaceous source rocks, emphasizing the importance of vertical migration (Pitman et al., 2004). Beside 
Fatha Formation as most important caprock, in the basin center overlaying the fractured Late Cretaceous 
reservoirs, the main caprock formations are Aaliji, and parts of Jaddala Formations (Hart and Hay, 1974; 
El Zarka, 1993). Meanwhile, Jaddala Formations may also have reservoir potential in particular in the 
fractured parts (Aqrawi.2010).   
2.5.3. Studied Oil Fields 
The most prominent features in the study area are Kirkuk, Qara Chauq, Bai Hassan and Jambur 
anticlines. Accordingly, a brief explanation of these fields is provided in the following: 
2.5.3.1. Kirkuk Field 
The Kirkuk oil field is an anticlinal type and structure, covering an area of around 100 km in length and 
4 – 6 km in width (Al-Rawi, 2015), making it the largest in Iraq and one of the world’s ten largest oil 
fields (Kulke, 1994; OPEC, 2015). The Kirkuk field has a reserve of around 2.2 billion tons (Kulke, 1994), 
which is equivalent to 16 billion barrels when assuming an average density of 0.86 t/m³.  
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Figure 11: The location of the study area shown relative to the structural classes and oil field classifications in northern Iraq. The 
south-east of the Kirkuk -Baba Dome is shown in the satellite image 
 
The Kirkuk oil field contains three main pay zones (Figure 12): Cenozoic limestone, fractured Late 
Cretaceous marls with limestone of Shiranish Formation, and the Middle Cretaceous limestone 
(Dunnington, 1958). Beside the Tertiary Reservoir, two smaller reservoirs from the Late and Middle 
Cretaceous exist. In contrast to the large Tertiary Reservoir, these two produces less (Al-Rawi, 2015). 
The producing Tertiary and Mesozoic reservoir lithologies of the are quite fractured carbonate rocks. 
Based on the seismic data, drilling records and many studies, the fractures are generally perpendicular 
to bedding (Majid &Veizer, 1986; Sorkhabi, 2009).  
In general, Kirkuk anticline – with a northwest-southeast trending – is divided by two prominent saddles 
(Dibega and Amsha), which form three major domes (Figure 6): Khurmala, Avanah, and Baba (Majid 
and Veizer, 1986). With a length of 54 km, the oil reserve of the Baba Dome has a shallow depth, which 
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can reach 350 m from the base point of the Rotary table Kelly bushing (RTKB). With a length of around 
27 km, the Avanah Dome can consider as a second largest hydrocarbon bearing dome in the Kirkuk field. 
The sampled depth in this structure starts at 400 m and ends at 1650 m RTKB. The final part of the 
Kirkuk anticline ends with the Khurmala Dome, with a length of around 18 km. The porosity and 
permeability of the surrounding carbonate rocks produce appropriate conditions for exploration (Jassim 
and Goof,2006). However, the water injection had been started in 1962 from different locations in the 
Kirkuk field to increase the production, which caused a rise of the oil/water contact (Al-Rawi, 2015). 
According to geochemical analyses of Al-Ameri and Zumberge (2012) and Al-Ameri (2014), the oils in 
Kirkuk Embayment can be classified to three distinct families, which corresponding to a Triassic source 
rock, a Jurassic source rock and a mixed Jurassic-Cretaceous source system. Triassic oil family can be 
identified from Jurassic-Cretaceous oils due to the lower δ13C values of Triassic oil (Naqishbandi et al., 
in press).  
 
 
Figure 12: A geological cross section for Kirkuk anticline (Baba Dome). Modified after Dunnington (1958) with the using two 
seismic sections and well records (K 229, K 412, K 372 and K 378) provided by the North Oil Company, Ministry of Oil, 
Iraq. In this section, unconformity is found between Fatha and Kirkuk group formations (Sahib et al., 2016) 
 
2.5.3.2. Bai Hassan Field 
From the size dimension, The Bai Hassan oil field is the second place after Kirkuk field in the study area. 
It is located within 35 km SW of Kirkuk city. Similar to Kirkuk oil filed, the main producing horizons is 
the folded anticline of the Tertiary and Mesozoic carbonates (Al-Shahristani& Al-Atyia, 1972). The 
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sampled layers showed thickness range was between 1500 – 2000 m RTKB. The Garagu Formation – a 
lateral and facies equivalent of the Yamama Formation – is reported to contain oil in the Bai Hassan and 
Jambur fields in northern Iraq (Dunnington, 1967a; Al-Rawi et al., 1980). 
2.5.3.3. Qaiyarah Field 
The Qaiyarah oil field is located around 100 km NW of Kirkuk city and to the west of the Tigris river to 
the south of Mosul city. The main producing layers are also from a fractured Tertiary carbonate formation 
under the caprock (Fatha) Formation (Al-Ahmed, 2011). In this study, only seep samples were used for 
comparison purposes. 
 
2.5.3.4. Jambur Field 
To the south of Kirkuk field, The Jambur field is located. With depth between 1982 m to 3531 m RTKB, 
the sampling reaches to the deepest extent comparing to the other fields. Similar to the Kirkuk structure, 
the Bai Hassan and Jambur structures have an evaporite cap layer. The Jambur anticline located in 
parallel to the Kirkuk structure with 10-15 km away to the south-west (Kulke, 1994). 
 
2.5.3.5. Khabbaz Field 
The Khabbaz oil field is located to the east of the Kirkuk field (Fig. 6). Generally, the primary producing 
layer sequence is the dominant dolomites, limestones Late and Early Qamchuqa Formation, which is 
present in a 125 and 175-meter-thick column respectively (Al-Qayim et al., 2010). The sampled depth 
range in Khabbaz is from 2350 – 3050 m RTKB and comprises the whole reservoir sequence. 
2.5.4. Crude Oil Seeps, Types and Mechanism 
Worldwide, many hydrocarbon reserves have been identified on- and offshore. Anaerobic transformation 
processes produced oil in sub-surface rocks millions of years ago (Tissot and Welte, 1984). Natural oil 
leakages or hydrocarbon seeps were recorded on the surface. Due to pressure and geological pathways 
like fractures, faults and cap rock erosion, oil can find its way (vertical migration) to the surface naturally 
(Schlumberger, 2015). Furthermore, anthropogenic oil exploration processes result in seeps. 
The source of natural hydrocarbon contamination of soil and water goes back to macro-seepage, which 
refers to visible (outflow) oil and gas seeps (Link,1952; Etiope, 2009) and micro-seepage, which can be 
described as invisible seeps caused by gas or less commonly a crude oil source (Macgregor, 1993). Based 
on geological controls, Link (1952) classified seeps into five groups: (1) seeps arising from the ends of 
homoclinal beds; (2) seeps associated with the beds and formations in which the oil was formed; (3) 
seeps from large petroleum accumulations that have been uncovered by erosion or from reservoirs 
ruptured by faulting and folding; (4) seeps at the outcrops of unconformities; and (5) seeps associated 
with intrusions such as mud volcanoes, igneous intrusions, and piercing of salt domes (Figure 13). In 
Iraq, many locations present very famous seeps, whereby the most dominant seeps types are 2 and 3. 
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Figure 13: seeps types according to Link 1952 classification (Modified after Etiope, 2015) 
 
The Kirkuk area as an AOI presents a good example of these natural crude types in addition to industrial 
seeps from pipes leakage or production. The rocks and soil alteration are the additional product of micro 
seeps, which represents an association of oxidizing petroleum seep, gypsum, jarosite, sulfuric acid and 
sulfur (Thomas, 1952; Clarke and Cleverly, 1991; Salati et al., 2013). The Baba area can be considered 
as a perfect location for many kinds of terrestrial hydrocarbon seeps. The outcrops of the Fatha Formation 
comprise gypsum, marble and limestone layers. Macro and micro seeps at the different locations were 
recorded as crude oil, heavy oil, asphalt, bitumen and sulfur springs (Figure 14). In addition, mineral 
alteration and bleaching of red beds are visible near gas seeps from field observation (Figure 15). 
Hydrocarbons such as oil and gas are sensitive to field pressure and they respond by moving to areas of 
lower pressure horizontally, obliquely or vertically, according to the nature of the structure and 
permeability. With respect to the water injection for production purposes, the water content in an oil 
field also influences oil movement or migration due to oil density (Al-Banaa, 2012). The shallow depths 
of hydrocarbon accumulations and cap rock erosion of the Kirkuk and Qaiyarah – for example – can play 
a essential role in seep concurrency, where the production zone is less than 400 m from the surface for 
wells K 412 and K 378 in the Baba Dome (Figure 12). It is uncertain when the seeps first occurred, 
although Jassim and Goff (2006) speculated that the seepage activity began in the Middle Miocene and 
a substantial volume of oil has since been lost to the surface. 
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Figure 14: Macro Seeps examples, A and B in Qaiyarah. C and D in Baba Dome 
 
 
Figure 15: Bleaching of red beds close gas seeps in Baba Dome, Kirkuk oil field 
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The seeps in the AOI appear to be mostly controlled by major north-south faults, by faults that cut to the 
surface in major anticlines (Pitman et al., 2004; Jassim and Al- Gailani 2006; Aqrawi 2010). Faults and 
other lineaments can be an important factor that increases the possibility of formation water, brine and 
hydrocarbon seepage to reach the shallow aquifer or even the surface. During the field survey along the 
Kirkuk anticline, various magnitudes of natural and industrial crude oil seepage have been recorded 
(Figure 16). 
 
Figure 16: Industrial crude oil seepage examples (a) South-east of Jambur Field (B, C) Baba Dome  
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2.5.5. Polycyclic Aromatic Hydrocarbons (PAHs) 
Crude oil is a complex mixture of hydrocarbons containing more than 17,000 compounds and the 
compositions of different oils have a high variety (Marshall and Rodgers 2004). According to varying 
properties of the hydrocarbon compounds, certain elements remain in the oil itself, some become air-
borne vapors, while others form concentrations in soil and are dissolved in water. PAHs are relatively 
persistent in the environment, solid, non-polar, lipophilic and neutral (Manahan, 2010). As much as 10% 
of PAHs are covered by the organic compounds in crude oil (Vinas et al., 2010). Organic substances 
comprise a minimum of least two cyclic conjugated aromatic rings of carbon and hydrogen atoms. The 
basis of these aromatic rings is formed on the molecular composition of benzene, which is fused on at 
least one common edge (Table 2). The PAHs dissolving rate in water is from 0.00026 to 31.7 mg/l at 
25°C. The decrease the water solubility level will happen when the number of rings increases. 
Additionally, the Solubility becomes more achievable at higher temperatures (Schwarzenbach et al., 
2003). PAHs usually enter oceans and seas as a result of oil seeps and oil production processes despite 
their comparatively reduced ability to dissolve in water (Tedesco, 1985). Under the Chemical Abstracts 
Service (CAS) number 130498-29-2, hundreds of PAHs are registered and categorized as being pyrogenic 
or petrogenic PAHs. Petrogenic PAHs naturally occur in crude oil, while combustion processes (shared 
processes) of organic material form pyrogenic PAH, which occurs everywhere (Jacob, 2004; Feng et al., 
2009). There are two categories of PAH, which classified as low molecular weight PAHs with fewer than 
four aromatic rings, and high molecular weight PAHs with four or more rings (Deutsche BP AG (1989). 
A number of PAHs demonstrates cancer-causing properties. Benzo[a]pyrene works as the primary 
substance of the cancer-causing effect of PAH mixtures (Jacob, 2004) and it is the most detailed 
common- studied PAH (Manahan, 2010). The high molecular weight of PAHs is particularly well-known 
toxins, carcinogens, and mutagens (White, 1986). Benz[a]anthracene, Chrysene, 
Dibenz[a,h]anthracene, Benzo[a]pyrene, Benzo[b]fluoranthene, Benzo[k]fluoranthene and 
Indeno[1,2,3- cd]pyrene have proven to cause cancer in tests conducted on animals (ASTM, 1998). The 
United States Environmental Protection Agency has recorded sixteen PAHs as priority pollutants, known 
as EPA PAHs (Keith & Telliard, 1979). In this part, twenty PAHs were investigated, including the EPA 
list (Table 2). 
In 2001, a study published by Kerr et al., (2001) tested how many PAHs were contained in crude oils 
from 60 countries across the globe. The outcomes showed that in over 97% of the tested oil samples, the 
presence of Naphthalene, Phenanthrene, Fluorene, Chrysene, Pyrene, and Benzo[b]fluoranthene was 
recorded (Table 3). However, Acenaphthylene was not present in any of the 60 tested crude oils. It can 
thus be understood that low molecular weight PAHs will usually be detected in water that has been 
contaminated by oil. The anticipated amount of C for each PAH in the water was calculated using Raoult’s 
law (Loyek, 1998; Schwarzenbach et al., 2003) (Eq. 1). 
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Table 2: List of all tested PAHs and their properties (in cooperation with Jenne, 2015) 
 









     a) 
31.7       c) 128 Yes 
2-methyl- Naphthalene 
2-methyl-
Nap   a) 
25.4       c) 142 No 
1-methyl- Naphthalene 
1-methyl-
Nap       b) 
28.5       c) 142 No 
Acenaphthylene Any 
      a) 
3.93       d) 152 Yes 
Acenaphthene Ace 
      a) 
3.93       c) 154 Yes 
Fluorene Fln   a) 1.98       c) 166 Yes 
Phenanthrene Phe 
     a) 
1.29       c) 178 Yes 
Anthracene Ant   a) 0.07       c) 178 Yes 
Fluoranthene Fth 
  a) 
0.26       c) 202 Yes 
Pyrene Pyr 
     a) 
0.14       c) 202 Yes 
Benz[a] anthracene BaA 
  a) 
0.014     c) 228 Yes 
Chrysene Chr 
  a) 
0.002     c) 228 Yes 
Benzo[b] fluoranthene BbF 
    a) 
0.0012   d) 252 Yes 
Benzo[k] fluoranthene BkF 
a) 
0.00055 d) 252 Yes 
Benzo[e] pyrene BeP 
    b) 
0.0063   e) 252 No 
Benzo[a] pyrene BaP 
  a) 
0.038     c) 252 Yes 
Perylene Per 
  a) 
0.0004   c) 252 No 
Indeno [1,2,3 cd] pyrene Indeno 
a) 
0.062     d) 276 Yes 
Dibenz[a,h] anthracene DahA 
 a) 
0.005     d) 278 Yes 
Benzo[ghi] perylene  BghiP  
    a) 
0.00026 c) 276 Yes 
a) Palm, 2002; b) U.S. National Library of Medicine (2013); c) Mackay & Shiu, 1977; d) Sims & Overcash, 
1983; e) Pearlman et al., 1984 
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C= χ. γ. S……………………………………………………………………………. (Equation 1) 
 
According to (Lane & Loehr, 1992), (Lee et al.,1992 a,b), the activity coefficient in the organic mixture 
γ was simplified as 1. Meanwhile, the mole fraction χ was calculated with the molecular weight M and 
mass m of each PAH and crude oil (Eq. 2). 
 
X= m (PAH). M (oil) / M (PAH). m (oil).........................................................(Equation 2) 
 
Based on the literature, the molecular weights for the PAHs were taken. The molecular weight of the 
crude oils samples was not calculated and an overall value for each oil type was given that oil types have 
varying properties, where the light oil was set as 92.7 g/mol, medium oil as 108 g/mol and heavy and 
extra heavy oil as 135.5 g/mol (Loyek, 1998). Water solubility (S) – as a subcooled liquid – is valid for 
complex mixtures with solved solids. S is the water solubility and the temperature, which was not known. 
Therefore, the literature values for S were used for these calculations (Loyek., 1998). 
 
Table 3: Results of a study dealing with the PAH content in oils by Kerr et al., (2001) (in cooperation with Jenne, 2015) 
 
PAH 
Minimum Maximum Mean Detection 
(mg/kg) (mg/kg) (mg/kg) Frequency (%) 
Naphthalene 1.2 3700 422.9 100 
Acenaphthylene ND ND ND 0 
Acenaphthene ND 58 13.9 80 
Anthracene ND 17 3.4 40 
Phenanthrene ND 916 176.7 98 
Fluorene 1.4 380 73.6 100 
Benz[a]anthracene ND 38 5.5 67 
Fluoranthene ND 26 3.9 40 
Chrysene 4 120 28.5 100 
Pyrene ND 82 15.5 97 
Dibenz [a, h] anthracene ND 9.2 1 47 
Benzo[a]pyrene ND 7.7 2 75 
Benzo[b]fluoranthene ND 14 3.9 100 
Benzo[k]fluoranthene ND 7 0.46 93 
Indeno[1,2,3-cd] pyrene ND 1.7 0.06 7 
Benzo[ghi]perylene ND 9.6 1.53 63 
ND: Not Detectable 
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2.6. Hydrological description 
Iraq has two main rivers, the Tigris and Euphrates. However, a tiny percentage of the agricultural areas 
of Iraq have utilized the water of these rivers and their tributaries, which represent river valleys in the 
north part of Iraq as well as the central and south part from the Mesopotamian Basin (Jassim & Goff, 
2006). Several global and regional factors lead to reduced water resources, e.g., global warming and 
numerous recent dams on the Tigris and Euphrates in Turkey and Iran.  
2.6.1. Hydrology 
The study area is located in general to the east of the Tigris river between the Great Zap and Diyala 
rivers from the north and south, respectively (Figure 11). The catchment of the Lesser Zab river is located 
at an altitude of around 3,000 m asl on the eastern part of the Iranian Zagros Mountains. The Lesser Zab 
river flows in Iraq for approximately 402km before joining with the Tigris river north of Beji city in the 
Saladin governate. The Lesser Zap river and three other streams – Khassa Su, Tawooq Su and Aq Su – 
are the main surface water channels in the study area, which cut Kirkuk, Bai Hassan, Qara Chauq and 
Jambur anticlines at an almost perpendicular angle. Khassa Su is a seasonal river (stream) that springs 
from the mountains in the Chemchamal areas (Figure 6). It is the only river that crosses Kirkuk city, 
although this river has become dry with only occasional flow depending on precipitation events. 
Additional to the groundwater wells, the irrigation projects partly use the Lesser Zab river by pumping 
through different types of channels (Al-Hamdani, 2009). 
2.6.2. Hydrogeology  
Only 25% of the need for fresh water for domestic use and irrigation is provided by the main two rivers 
in Iraq, namely the Tigris and Euphrates. Meanwhile, the other 75% of the country’s need comes from 
groundwater (Krasny et al., 2006). Major rivers such as the Al-Adhaim and Lesser Zab flow through the 
Foothill areas and contribute significantly to direct and indirect groundwater recharge, especially during 
dry periods (May to October). The joint aquifer system is present in the Tertiary and Quaternary deposits 
which are often hydraulically connected to the carbonates rocks (Jassim and Goff, 2006). In the same 
time, the groundwater and surface water are connected in many locations, especially in the upper 
catchment area. Based on UN-ESCWA and BGR (2013) such connection can be determined through the 
discharge of groundwater from aquifers carbonate formations and the shallow aquifers.  
In general, and due to the porous and permeable rock types, the main aquifers in the study area are Bai 
Hassan, Mukdadia and Quaternary aquifer systems (Table 4). Mukdadia and Quaternary aquifer were 
recorded as confined in some locations where the groundwater flows under artesian pressure to the 
surface in some wells (Lopez-Geta, 2006). With an estimated 22%-25% of rainfall infiltrates, 90% of the 
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2,000-3,000 wells in the area are explaining the depth of Bai Hassan system around 200 m from the 
surface (UN-ESCWA and BGR., 2013).  
Table 4: The characteristics of the main formations and aquafers in the Kirkuk area 
 
Formation name Age 
The range of 
thickness. a b, d, f 
Hydraulic 
conductivity 
Hydrocarbon   
reservoirs  
Recent deposits Quaternary 10–100 Low No 
Bai Hassan Pliocene 30–1100 High No 
Mukdadia L. Miocene-Pliocene 50–500 High No 
Injana L. Miocene 20–350  Medium No 
Fatha E-M. Miocene 100–500  Low Low Local accumulation 
Kirkuk group E-M. Oligocene 18–100 High c  Yes 
Jaddala/ Avanah Eocene 350 - Yes 
a. NOC drilling reports, b. Sissakian and Fouad (2014) & (UN-ESCWA and BGR., (2013), c. Aqrawi et al., (2010), 
d. Jassim and Goff (2006), f. Alsharhan and Nairn (2003). 
The crude oil seeps are a severe contamination threat to the groundwater resources located between the 
oil reservoirs and the surface. Therefore, seeps may contain high concentrations of hydrocarbons, heavy 
metals or salts, making the groundwater unusable. Such contamination of groundwater by oil field brines 
has been shown at various hydrocarbon reservoirs worldwide (Mast, 1985; Dutton et al., 1989; Zhang 
et al., 2009; Gleason and Tangen, 2014; Heston, 2015). On the other hand, the detection of trace 
elements in groundwater can indicate or verify the presence of pathways between the reservoirs and the 
surface. The groundwater has high salinity in shallow groundwater aquifers in the Kirkuk region, which 
are used for irrigation and domestic water supply. As one from the main aims in this study, the challenge 
is to distinguish between contamination from uprising oil field brines and from brines derived from 
water-rock interaction in the Fatha cap rock Formation, as suggested earlier (Sadiq, 2008; Saud, 2009; 
Khanaqa and Al-Manmi, 2011). Both can contribute to increase the salinity and thus make the 
groundwater unsuitable for use. 
The exploitable saturated thickness of the Bai Hassan and Mukdadia aquifer systems is estimated up to 
1100 m and 500 m, respectively, while the thickness of Injana and recent Quaternary deposits can reach 
350 m and 100 m, respectively (Table 4). The transmissivity range of the Mukdadia, Bai Hasan, and 
Quaternary aquifers is between 3 - 728 m2\day (Saud, 2009). Generally, it is difficult to define 
unconfined, semi-confined and confined conditions between the studied aquifers due to lithology 
differences. However, additional variable permeability and lateral/horizontal changes in the lithology of 
basin deposits often result in highly variable productivity.  
Depending on the geology, structure and topography of the area, groundwater aquifers have shown some 
differences in depth, flow direction as well as water types. The Baba Dome and the Kirkuk anticline in 
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general, divide the area into two sub-basins (Saud, 2009). The first basin is located to the north-west of 
the Kirkuk anticline and the second basin to the south-west. Both basins are cut by the Lesser Zab river 
,and different water types are found in intergranular aquifers with medium to high productivity (Bai 
Hassan, Mukdadia, and Quaternary deposits). According to (Araim 1990), the groundwater is defined 
by two types. The water type of the first basin is 87% Ca-HCO3 and 13% Ca-So4 and Na-So4. The second 
basin contains Na-So4 as dominant water with 78% and 22% Ca-So4 & Mg-So4, respectively. The water 
variations refer to the effects of evaporates dissolving from the Fatha Formation, especially near the Baba 
Dome where many sulfur springs can be found. 
The data of Gravity Recovery and Climate Experiment (GRACE) was used to monitor the equivalent 
water height (EWH) of the shallow groundwater with millimeter scale (Mulder et al.,2015). NASA and 
the German Aerospace center introduced GRACE as a joint mission measuring earth gravity and mass 
exchanging of the earth's surface. Monthly repeat cycle for an optimal solution was used to GRACE data 
from March 2004 to 2016. Figure 17 shows the equivalent water height of the groundwater, which 
explains the mass decline in the groundwater storage starting from 2007. This depletion can be 
demonstrated due to the growth in dam numbers in Turkey, which provide less surface water to Iraq 
and the AOI. The other important factor refers to the upper groundwater aquifers of the area, which 
mainly depend on the sustained groundwater pumping and less on precipitation, which recorded drought 
years especially between 2007 and 2009. 
 
Figure 17: GRACE data, showing the equivalent water height of the groundwater in Kirkuk area starting from 2004 – 2016 
2.7. Climate conditions 
 
The climate plays a vital role in the hydrological cycle, where the intensity and long duration of 
precipitation influence water infiltration downward to groundwater aquifers and fill surface water 
basins. Historical data series of precipitation from the country base between 1960 to 2015 explains the 
average rain depleted during this period (Figure 18). On the other hand, the historical temperature from 
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1960 to 2015 explains notable increases in temperature (Figure 19). The summer temperature – from 
June to September – reaches 50°C to the south of Iraq and decreases towards the higher elevation in the 
north. The winter months record (between November and April) shows an average temperature of 
around 8°C, and it decreases to below zero to the north part of Iraq. 
 
 
Figure 18: The historical average monthly (1960-2015) precipitation (NOAA’s National Climatic Data Center) 
 
 
Figure 19: The historical average monthly (1960-2015) temperature (NOAA’s National Climatic Data Center) 
According to the last update of the Köppen-Geiger classification (Kottek et al., 2006) and data from the 
Kirkuk meteorology station as well as data of NOAA, the climate in the region is categorized as very hot 
and semi-arid (BSh). To identify the seasonal variations and linkage of these variables in the study area, 
the Kirkuk climate station was used to determine the climatic situation of the region as the closest 
climatic stations to the study area, which is characterized by accurate detailed data for long periods of 
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time. The average annual rainfall is 360 mm, and rain falls mostly in the winter months (Jassim & Goff, 
2006). Meanwhile, the wettest months with an average annual rainfall of 45 mm are in the winter 
months between November and March, with a minimum temperature of around 5°C (Figure 20). 
 
Figure 20: The monthly average of weather data of Kirkuk area (2002-2018) 
 
Within the summer period, the mean annual precipitation is almost zero. The mean annual temperature 
is 21.6°C, and the potential evapotranspiration often exceeds 450 mm in summer. In the same months, 
the average air temperature reaches a maximum level of around 39°C. The average monthly rate of 
evaporation is the highest in July and August (403 mm a-1). The wind speed averages around 1.6 m/s, 
while the dominant wind directions are north-east and west (Kirkuk weather station). 
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2.8. Remote sensing applications in the identification of hydrocarbon contamination  
Remote sensing has been a common technique to identify petroleum contamination offshore and onshore 
on a large scale for many years (Salem et al., 2005; lamoglia and Filho, 2011). Reflectance spectroscopy 
and statistical models have been used to investigate the spectral properties of hydrocarbons and quantify 
element concentrations on land from spectra absorption features (Wendlandt and Hecht, 1966, Kortum, 
1969). 
Various models have been used to analyze absorption features for water, black carbon and tar sand 
(Charette, 1976; Clark and Roush, 1984; Short et al., 2006). Cloutis (1989) identified several absorption 
features in the near-infrared reflectance as hydrocarbon spectra. Several studies with different 
techniques explain a widely-varying detection limit (DL) of 0.1-4 % of organic compounds in soils or 
sand (Schneider et al., 1995, Zwanziger and Heidrun, 1998) and bitumen in tar sand (Cloutis, 1989), 
while grain size seems to have a significant impact on the DL. When diesel and gasoline are used as a 
contaminant, the DL is around 0.1-0.5 % (Zwanziger and Heidrun, 1998). 
Hyperspectral sensors – e.g., HYMap – were successfully applied to detect hydrocarbons and oil-
contaminated soils with more than 2.5% (Hörig et al., (2001). Kühn et al., (2004) developed a simple 
hydrocarbon index (HI) from the absorption of the reflectance of spectral wavelengths. Additional 
studies have found a positive correlation between HI and total petroleum hydrocarbons (TPH) in soil 
(Kvenvolden and Cooper, 2003). Clark et al., (2009) used hyperspectral spectroscopy data (0.35-15.5 
µm) to characterize and quantify hydrocarbons (Alkanes). Clark et al.’s (2009) study explained the 
absorption peaks including the absorption bands within 1.2, 1.7 and 2.31 µm considering that 
hydrocarbon compounds from oil generally increase the carbon concentration in soil and thus the total 
organic carbon (OC) concentration, whereby measuring the OC can reveal oil contamination in soil. 
However, determining the source of OC (as a crude oil origin or not) using remote spectral methods is 
complicated, because: i) the soil OC can be associated with a complex mixture of compounds with 
different polarities (Schwartz et al., 2012); ii) the soil mineral composition and various moisture levels 
can influence the hydrocarbon absorption; and iii) the HI can be calculated with different models, which 
may deliver different results. Therefore, during this current study, all of these compounds are covered. 
Lineaments features in the cap rock over the oil fields may create pathways for formation water, brines 
and hydrocarbons to the shallow aquifer systems and the surface. Therefore, the detection of such 
features can be an essential addition to understand the seeps mechanism in the AOI. However, very few 
publications discuss the issue of hydrocarbon contamination sources and their effects in this area because 
the available studies were concerned more with detecting the rocks alteration over the oil fields in the 
study area to locate spectral anomalies associated with hydrocarbon leakage in rocks or sediments (Perry 
and Kruse,2011; Al-Banaa, 2012). 
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3. Materials and methods 
 
3.1. Organic chemistry properties approach to correlate seepage and reservoir crude oil 
3.1.1. Crude oil samples 
Sixty-nine crude oil samples from the Kirkuk, Bai Hassan, Khabbaz and Jambur oil fields have been 
collected to study the Tertiary and Cretaceous petroleum systems (Figure 21). With various visible 
density levels, the seeps oil samples have been collected in outcrops of the E. Fars Formation to study 
their origin and migration path and link them to the neighboring fields. The samples were stored in a 
cool and dark place during the shipping until they were processed. At the Institute of Geology and 
Geochemistry of Petroleum and Coal, RWTH Aachen University, Germany the samples tests were 
conducted and prepared. 
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3.1.2. API gravity and density 
The American Petroleum Institute (API) gravity shows the density of crude oil compared to water. It can 
be calculated in a pycnometer by density determination of cooled samples (ASTM D287 – 92, 2006). 
The pycnometer gets filled with sample materials of a given volume. With the using a water bath, the 
pycnometer will be warmed up until reaching a stable temperature of 15.6 °C for 30 minutes (Hunt, 
1996). After removing the pycnometer, it gets be closed with a glass stopper. The included oil rises until 
it reaches the top leakage point. The pycnometer weight was measured a second time and the API gravity 
get calculated according to Eq. 3-5 over the sample density (Eq. 3-5). 
 
ρ=massofsample[g]/volume [cm3] …………………………….…………. (Equation 3) 
SG=(ρ-0.001205)/(ρ(H2O)-0.001205)  (SG = specific gravity) …...(Equation 4) 
APIgravity=141.5/SG - 131.5       ………………………….…………..…. (Equation 5) 
 
According to the following rules the oil was classified: API gravity > 31.1 = light oil; API gravity between 
22.3 and 31.1 = medium oil; heavy oils have an API gravity between 22.3 and 10; and extra heavy oils 
have an API gravity < 10.0, which is also the API gravity of water. 
3.1.3. Sulfur content 
The sulfur content was analyzed with a SPECTRO X-Lab 2000 Sulfur Determinator. By burning the 
sample in the combustion chamber a flow of oxygen, oxidize the sulfur to SO2. The resulting SO2 content 
can be calculated by IR absorption and is correlating to the sample weight. 
3.1.4. Thin-Layer Chromatography-Flame Ionization Detection (TLC–FID) 
The relative composition of each crude oil sample was measured simultaneously - as a set of 10 
chromarods - with a TLC-FID IATROSCAN (MK-5) and comprise spotting, production and heating. 
According to Abeed et al., (2012), Schwarzbauer et al., (2000) and Amijaya et al., (2006), the elution 
procedure was conducted by filling with n-Hexane and the set remains in the solvent for 35 min to 
mobilize the saturated hydrocarbons (n-alkanes, iso-alkanes and cycloalkanes).  
After being air dried for 2 min, the toluene was used for 14 min to separate aromatic hydrocarbons 
(mono-, di- and poly-aromatic). Meanwhile, the third container with a mixture of dichloromethane 
(DCM) and methanol of 93:7 v/v mobilizes the polar components, especially molecules that contain 
nitrogen, sulfur and oxygen (NSO) and asphaltenes. However, an IATROSCAN analysis was not possible 
for some seepage samples due to the high viscosity of some samples. Each IATROSCAN run contained 
five samples, which were measured simultaneously. Therefore, to ensure comparability, the first sample 
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was measured in every process and gives a failure of +/- 5 %, with single outbursts of up to 9 %. 
Furthermore, each sample was analyzed twice. 
3.1.5. Compound fractionation, Gas-Chromatography (GC), GC–Mass Spectrometry 
(GC–MS) and GC– Flame Ionization Detector (GC-FID) 
Liquid saturated fractions of the samples were analyzed in a sector field mass spectrometer. The analyzer 
comprises an electrostatic sector field, which speeds up the emitted ions in a magnetic sector field, to 
separate the ions by their m/z (mass/charge) ratio. The divided ions with a necessary degree of m/z can 
pass the magnetic field and can be analyzed by spectrum detectors. In order to analyze every common 
m/z ratios, the internal magnetic field changed its force in a regular pattern. The electrostatic, as well 
as the magnetic field set up, are located in a vacuum, that let the ions to react only to the field within 
the mass spectrometer and according to their chemo-physical behavior, which is triggered by the 
electrostatic and magnetic fields. 
Finally, the flame ionization detector (FID) with an including Gas Chromatograph (GC) analyze the 
organic components of a liquid sample. To guarantee the comparability for each measurement 1 𝜇𝑙 
sample liquid was used. The first fraction – which represents the aliphatic compounds – of selected 
samples was measured. Programmed for the temperature steps was a 60 to 300 °C at a rate of 3 °C/min, 
with a 20 min isothermal over 300 °C. 
3.1.6. Carbon preference index (CPI), Odd-even-predominance (OEP) and the 
terrigenous/aquatic ratio (TAR) 
A combination of OEP and CPI - up to five odd- and even-numbered n-alkanes - gives a good overview 
of odd/even n-alkane predominance. CPI is sensitive to the maturity, biodegradation and the petroleum 
source, depending on which alkanes have entered into the petroleum and in which relative quantity (Eq. 
6). Organic matter input can influence a preference for odd- or even-numbered n-alkanes. Several 
options can control single parameters, but only one combination of several parameters can give a clear 
statement about thermal maturity (Peters et al., 2005). 
 
𝐶𝑃𝐼 =  
2 𝑥 (𝑛𝐶23+ 𝑛𝐶25) 
2 𝑥 𝑛𝐶24+ 2 𝑥 𝑛𝐶26
 ……………………………………………...……………….…. (Equation 6) 
 
Another indicator for thermal maturity is the OEP, but – similar to CPI- it depends on the organic matter 
input. OEP is further flexible than the CPI because any n-alkanes can be used separately, without concern 
to the chain length (Eq. 7). The OEP values can be interpreted in the same way as the CPI dataset (Peters 
et al., 2005). 
𝑂𝐸𝑃 =  
∑ 𝑛𝐶𝑥+1 348  
∑ 𝑛𝐶𝑥+2 348
 ………………………………………………………….….………… (Equation 7) 
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TAR contains three odd-numbered abundant biomolecules, which can be mostly deducted from algal 
and higher land plants. Low values of TAR can be interpreted as marine-derived organic matter. 
Influences on the parameters can occur from thermal maturation and biodegradation. Disproportionate 
weight assignment is created by a higher input of land-plant organisms too. Therefore, a favoring ratio 
of an aquatic milieu is even more remarkable (Peters et al., 2005) (Eq. 8). 
𝑇𝐴𝑅 =  
𝑛𝐶27+𝑛𝐶29+𝑛𝐶31 
𝑛𝐶15+𝑛𝐶17+𝑛𝐶19
 ………………………………………………………….……… (Equation 8) 
3.1.7. Polycyclic Aromatic Hydrocarbons (PAHs) in natural crude oil and seeps  
 
External and internal standards hold a significant position in controlling the quality of batch experiments. 
External standards were tested with the different concentrations ranging between 1.667 μg/l and 
161.391 μg/l for 1-Methyl-Naphthalene. To make the quantitative analyses without knowledge about 
the exact injection volume, internal standards were used. With each sample, an internal standard with 
the deuterated PAHs Naphthalene d8, Acenaphthene d10, Phenanthrene d10, Chrysene d12, and 
Perylene d12 were added. Nine oil samples were chosen based on a variety of API gravity differences. 
Among these samples, three samples were representing the seeps oils from the Baba and Qaiyarah areas. 
3.1.7.1. Determination of PAHs in the crude oils 
By using cyclohexane, PAHs can be solved directly from the oil to its hydrophobic and organic solvent 
properties (Loyek, 1998). Pre-tests have found the most favorable ratio of oil and cyclohexane, which 
was 1:100. 0.1 ml of the internal standard was added to the oil-cyclohexane mixture, enabling the 
quantitative analysis. All mixtures were stored in a dark place after having been in the ultrasonic cleaner 
for five minutes. No remaining oil particles were obvious in any sample once the oil had been solved. 
After a number of days (6-12 days), the mixtures were made ready for the aromatics to be separated 
from the oil-cyclohexane solution. The supposed high levels of other oil components that could 
contaminate the GC-MS column required the separation of the aromatics from the oil-cyclohexane 
mixture. The aliphatic and aromatic compounds were separated using a 10 ml burette. The column was 
packed with 3g of silica gel, 1g of sodium sulfate (Na2SO4) and mineral wool. Four methods with various 
solvents had their differences evaluated in the pre-tests. In the chosen procedure, the column was 
moistened with 10 ml n-heptane. The burette stopcock of was opened to a point where only 1 ml of n-
heptane remained above the layer of Na2SO4. 1 ml of the oil-cyclohexane mixture was subsequently 
added to the face of the filter. 10 ml of n-heptane were used as transportation fluid to separate the 
aliphatic compounds. Then, 10 ml of dichloromethane were added to dissolve the aromatics and 
transport them through the column. A DryVap Concentrator System tested the concentration of the 
outflow and it was tested with the GC-MS. 
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The procedure for the separation was founded on demonstrated separation processes for crude oils and 
it was altered (compare Priemon-Storer & Cornillot, 1985; Speight, 1999). In this study, the 
dichloromethane was used as a solvent for the aromatics. The dichloromethane has good solvent 
properties and it is less toxic than benzene. However, such a procedure is not similar to the literature. A 
comparison of the color of an oil sample before and after the separation is shown in Figure 22. 
 
Figure 22: Oil sample Q 73 before separation, picture to the left, and after the separation right picture. (in 
cooperation with Jenne, 2015) 
3.1.7.2. PAHs Gas Chromatography-Mass Spectrometry 
 
The assessment of all samples and external standards was conducted by gas chromatography-mass 
spectrometry (GC-MS) operated in the Selected Ion Monitoring (SIM) mode. The target PAHs in the 
samples were recognized by comparing their retention time correlated to that of the standards. In Table 
5, the details and conditions of the GC-MS analysis are outlined. 
The software Agilent Technologies Enhanced MSD ChemStation E.02.02.1431 was used for the 
assessment and all PAHs peaks of the samples and standards were integrated manually in an identical 






…………………………………………….……… (Equation 9) 
 
rf =
A (PAH in external standard).c (deuterated PAH)
c(PAH in external standard).A (deuterated PAH)
………………………………….….…. (Equation 10) 
 
m(i) mass of the compound I, A(i) peak area of the compound I, c(i) concentration of the compound i 
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The observation of PAH levels in crude oil differed from how many PAHs were in oil, as cyclohexane 
does not solve all PAHs. Thus, the actual PAH content in the oil to calculate the concentration by Raoult’s 
law is not known. Nevertheless, the results were suitable for contrasting the structure of the crude oils 
with each other. For similar tests, it is recommended that all mixtures are prepared three times to ensure 
that potential inaccuracies are as low as possible. 
Table 5: The used GC-MS setup and condition for PAHs analyses (in cooperation with Jenne, 2015) 
 
Gas chromatograph Agilent Technologies 7890A 
Column ZB-5MS (phenomenex), 
 
30 m (+10 m) x 0.25 mm x 0.25 μm 
Oven program 75°C (3 min), ramp 20°C/min to 235°C hold 18 min, ramp 15°C/min 
 
to 300°C hold 10 min, ramp 10°C/min to 320°C hold 2 min. Total 
 
time: 47 min 
Detector Mass Spectrometry: Agilent Technologies 5975C VL MSD with Triple 
 
Axis Detector 
Inlet  320 °C 
Carrier gas  Helium, constant flow 1 ml/min 
Analytic software Agilent Technologies Enhanced MSD ChemStation E.02.02.1431 
 
3.2. Hydrogeology approach to evaluating the salinity source 
 
3.2.1. Water samples 
 
Sixty-five water samples from surface water (Lesser Zab river, springs) and groundwater (Bai Hassan, 
Mukdadia and Quaternary aquifer) as well as brine (formation water) from the Kirkuk and Bai Hassan 
oil fields (wells K 396 and BH 175 as M. Oligocene-Eocene), respectively, were collected in the study 
area around the Kirkuk anticline. Sampling locations were chosen based on the geographic location, e.g., 
distance to faults, elevation and defined screened intervals of the wells (Figure 23). 
Surface water samples were taken from the Lesser Zab river and directly at the discharge points of the 
springs. Groundwater samples were collected at operating groundwater wells (Figure 24). The Iraqi 
North Oil Company provided the oil field brine samples. Before sampling, field parameters like the 
potential of Hydrogen (pH), electrical conductivity (EC) and bicarbonate) were obtained. At each 
location, two samples were collected in polyethylene bottles (250 ml). One of the two samples were 
filtered and acidified with HNO3 to preserve cations. In addition, isotope samples were collected in 100 
ml glass bottles sealed with Teflon caps. Samples were stored in a cooler before transported to the 
laboratory. 
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3.2.2. Methods 
 
3.2.2.1. Hydrochemistry analyses 
 
Acidified water samples were analyzed in the laboratory of TU Darmstadt (Germany) by Ion 
chromatography Metrohm 882 compact IC plus were used for detecting the major cation, anion, and Sr 
concentrations. The concentrations were determined after dilution of the sample in pure water and 
filtering. A compact IC plus instrument equipped with a high-pressure pump, sequential Metrohm CO2 
Suppressor (MCS) – which removes the CO2 from the eluent flow to reduce the background conductivity 
– improves the detection sensitivity and minimizes the injection and carbonate peaks. The Metrohm 
Suppressor Module (MSM) was used for chemical suppression in anion analysis with conductivity 
detection. For cations, the standard eluent was used, comprising 1.7 mmol/L nitric acid (HNO3) and 0.7 
mmol/L dipicolinic acid (DPA). The relative standard deviation was 3 %. The limit of quantification of 
strontium was 0.1 mg/l. 
 
 
Figure 24: Water sampling from the surface and groundwater (picture A). Picture (B) is showing methane seeps mixed with 
water stream and traces of sulfur were recorded in different locations in Fatha Formation Baba Dome Kirkuk 
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3.2.2.2. Stable isotopes analyses 
 
Stable water isotopes (δ2H and δ18O) were analyzed using a Picarro L2130-i Cavity Ring Down 
Spectrometer (CRDS) connected to a Picarro A0211 high precision vaporizer. All values are expressed 
in the standard delta notation in per mil against Vienna Standard Mean Ocean Water (VSMOW) 
according to Coplen (1996) (Eq. 11). 
δ sample (permil) = ( R sample / R reference – 1 )*1000 ……..……………………….(Equation 11) 
 
First, raw data was corrected for memory effect and machine drift, then it was normalized to the 
VSMOW/ Standard Light Antarctic Precipitation (SLAP) scale. Normalization was conducted according 
to Gonfiantini’s (1984) method, where the values between 0 to - 428 per mil for δ2H and between 0 to - 
55.5 per mil for δ18O were assigned to VSMOW and SLAP. For this purpose, two laboratory standards – 
which were calibrated directly against VSMOW and SLAP – were measured in each run. External 
reproducibility – defined as standard deviation of a control standard during all runs – was 0.63 per mil 
and 0.15 per mil for δ2H and δ18O, respectively. The cryogenic vacuum distillation method was used with 
the high salinity samples to reduce the isotope salt effect (Ingraham and Shadel, 1992). 
According to Peterman (2012), the Sr isotopic ratio can change by further water-rock interaction during 
the sub-surface residence of the water (McNutt, 2001) and by mixing with other waters that differ in 
87Sr/86Sr ratio and Sr concentrations (Shand et al., 2009). Overall, for 22 water samples, strontium 
isotope ratios were determined based on the EC and strontium concentration, including the assumed 
end members of the geochemical analysis, i.e., the oil field brines, river water and springs located in the 
Fatha outcrop areas. Therefore, Sr isotopes were measured using a Finnigan MAT 262 TIMS at the 
Isotope Geochemistry Group of the University of Tübingen (Germany). 
Sample material was pipetted into Savillex c Teflon beakers and dried down. Subsequently, the samples 
were re-dissolved in 2.5M HCl for the separation of Sr by conventional ion exchange chromatography 
using quartz glass columns filled with BioRad AG 50W-X12 (200- 400 mesh). Subsequent purification of 
Sr was achieved in micro-columns filled with Eichrom © Sr-spec resin. Sr separates were loaded with a 
Ta-activator on Re single filaments and isotope ratio measurements were performed in dynamic mode. 
Analytical mass fractionation was corrected using an 88Sr/86Sr ratio of 8.375209 and exponential law. 
External reproducibility for NBS SRM 987 (n = 3) is 0.710239 ± 0.000017 for the 87Sr/86Sr ratio. Total 
procedural blank (chemistry and loading) was ≤ 96 pg for Sr. 
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Oil and soil samples were collected in the vicinity of Kirkuk, to investigate the spectral effects of soils 
with different properties and various states of oil contamination. Following the methodology plan 
(Figure 25), one set of the samples comprises pure crude oil from different oil fields with different 
densities, while the other set comprises oil-contaminated soil samples from selected seepage NW of 
Kirkuk. 
 
Figure 25: The workflow of spectral reflectance approach to determine the characteristic of crude oil 
 
3.3.1.1. Crude Oil Samples 
Four crude oil samples, with different viscosities, were collected to represent different oil fields. The 
samples are 551,571, 612 and 628 from the wells K 359, Q 45, J 22 and Jambur condensing gas 
respectively. The results from the API, as well as the total sulfur concentration (which will be discussed 
in chapter 4), were the basis to select these samples, e.g., very light condensed oil from natural gas from 
Jambur field and Qaiyarah’s heavy crude oils (Figure 26). For one phase (one material) input in a batch 
experiment, all samples were collected and stored in commercially pre-cleaned glass jars with Teflon 
caps. 
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Figure 26: 20 ml of four selected oil samples in glass Petri dishes. A: natural condensing gas from Jambur oil field (No. 628), B: 
Qaiyarah oil sample (No. 571), C: Jambur oil sample (No. 612), D: Kirkuk oil sample (No. 551) 
  
3.3.1.2. Soil Samples with Artificial Oil Contamination 
To investigate the reflectance spectra of oil-contaminated soils, sand and loamy soils from a clean 
reference location close to Kirkuk. These soil samples were artificially contaminated with different 
amounts of oil by using an oil injector following the method of Andreoli et al., (2007) and Tian (2012). 
Three selected oil samples were chosen according to API classes 628, 551 and 571. As a two-phase 
experiment (soil and oil), these crude oil samples were progressively added to Fatha Formation soil 
samples from 0.1 to 11 % weight (wt) and the reflectance of the resulting contaminated sample was 
measured. The oil percentage in the samples was determined by weight and oil covered surface area 
(Figure 27).  
 
 
Figure 27: The preparation of the soil sample from Fatha Formation with the controlled amount from crude oil sample in UFZ 
Department of Landscape Ecology. By using diffuse reflectance spectroscopy, the reflectance measurement was 
performed after each oil concentration (two-phase experiment) 
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3.3.1.3. Seepage Soil Samples 
Detailed soil studies were conducted in the Baba seepage area, ca. 15 km NW of the city of Kirkuk 
(35°33'55.82"N, 44°16'33.33"E). The selected seepage was located to the south-west of the Baba Dome 
area within the limits of the Fatha Formation, covering an area of ca. 4732 m2 of crude oil. 
The location was divided into 88 parcels with an area of 30*30 m2 each parcel (Figure 28). From every 
single parcel, five samples were taken from the center and the four corners and were mixed later to 
receive preferably representative samples. Although sampling was conducted during October, the 
vegetation cover was limited to very few Alhagi Maurorum and other dry plants. The samples were 
crushed, air dried and sieved with a 2 mm sieve (Chakraborty et al., 2012) to reduce spectra effects of 
soil particles and dry vegetation debris. 
 
Figure 28: The selected seepage. A and B: field photos of point No. 20 with surrounding points. C: Sampling locations around 
seepage Baba center labeled with location number. The orange points indicate samples selected for the organic 




3.3.2.1. Visible-Near InfraRed (VNIR) Scanning method 
Diffuse reflectance spectroscopy (DRS) for the spectra range VNIR (350-2500 nm) is a rapid, cost-
effective sensing method to characterize petroleum contaminated soils (e.g., Chakraborty et al., 2012). 
All of the soil samples were scanned in the laboratory with a FieldSpec Pro FR3 spectrometer, Analytical 
Spectral Devices (ASD). The measurements were conducted using an incandescent quartz halogen lamp 
for illumination relative to a spectralon plate. A FieldSpec Pro FR3 spectrometer has three wavelength 
detectors: a visible-near infrared (VNIR) detector (350-1000 nm), the first short wave infrared (SWIR) 
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detector (1000-1800 nm) and 2nd SWIR detector (1800-2500 nm). The spectral resolution of the 
FieldSpec Pro FR3 spectrometer is between 3 nm (350-1050 nm, sampling interval 1.4 nm) and 10 nm 
(1000-2500 nm, sampling interval 2 nm), with a field of view of 25. The fiber optic sensor was fixed at 
a nadir above the sample at a distance of 7 cm with a light angle of 30 (Moreira and Teixeira, 2014). 
The final reflectance spectra were calculated as the mean value from the six measurements with a 10 s 
- time interval (Figure 29). This signal was corrected to an absolute reflectance using a splice correction 
to adjust the signal step occurring when the detector changes at 1000 and 1800 nm. Four crude oil 
samples with a volume of 20 ml were filled in glass Petri dishes with a depth of 11 mm and a radius of 
43.99 mm. A glass rod was used to remove any air bubbles on the surface. Spectral scanning was first 
conducted on clean (no artificial contamination) soil samples to record the natural, uncontaminated 
spectral signature. DRS was recorded for each contamination level (0.1-11% wt). The soil samples from 
the seepage area and the two-phase samples were measured in four positions, with a difference of 90 C 
to increase the precision of the measurements (following the method Amare et al.,2013). From these 
four measurements the average value was calculated.  
 
Figure 29: The preparation of the reflectance measurements using diffuse reflectance spectroscopy (DRS) in UFZ Department 
of Landscape Ecology in Leipzig 
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3.3.2.2. Calculation of the Hydrocarbon Index HI 
 
According to Clark and Roush, (1984), the apparent continuum in a reflectance spectrum is modeled as 
a mathematical function used to isolate a particular absorption feature for analysis. It is also shown that 
a continuum should be removed by dividing it by the reflectance spectrum or subtracting it from the 
apparent absorption. Therefore, three models were tested for calculating the hydrocarbon index, which 
was chosen to obtain the best match with the concentration as well as identifying the sensitivity of each 
model. A three-band-ratio equation and the absorption depth were used to explore the presence of 
hydrocarbons. Within the spectral range 350-2500 nm, three primary absorption features were defined 
at 1.2, 1.7 and 2.31 µm (Cloutis, 1989). In order to calculate the hydrocarbon index (HI), the continuum 
was used as a mathematical function to isolate a particulate absorption feature that is indicative of the 
hydrocarbons (Clark et al., 2009). The model I is based on Clark and Roush’s (1984) calculation of band 
depth (BD), which we consider here for possible use as the HI (Eq. 12): 
 
DB =HI = (RD - RB)/ RD ………………….…….………………………..…………… (Equation 12) 
 
Where RB is the reflectance at the minimum band center and RD is the reflectance of the continuum at 
the band center (Figure 30). This method measures the vertical line length on DB. The model I is still 
widely used to calculate the band depth (Moreira and Teixeira, 2014). Model II also defines the HI with 
a vertical line between the minimum absorption reflectance and the continuum line at the known 
hydrocarbon absorption features. This method was able to detect oil concentrations corresponding to a 
volume of 25 ml within a 4 x 4 m soil area using Hymap hyperspectral images (Kühn et al., 2004). In 
Model II, the HI was calculated as follows (Eq. 13): 
 
HI = 2/3 * (RC - RA) + (RA - RB) ……………………………………….……………… (Equation 13) 
 
Where RA and RC represent the start and end shoulders of the absorption feature and RB is the minimum 
band center (Figure 30). Model III is an analogous equation for the 2310 nm absorption feature, which 
was tested for bitumen in tar sand, and is described in a NASA Remote Sensing Tutorial (Short et al., 
2006). The ratio of two reflectance values on absorption feature shoulders was obtained by dividing by 
the minimum value of the reduced reflectance in the spectral curve as follows (Eq. 14): 
 
HI = (RA+RC) / 2RB............................................................................................... (Equation 14) 
 
In Models I and II, hydrocarbons are present when the results are higher than zero, while in Model III 
hydrocarbons are present when HI > 1. For all of these models, it has to be considered that the HI value 
is strongly affected by the chosen starting point RA and ending point RC of the maximum amplitude RB 
of the absorption continuum. To identify the hydrocarbon contamination levels and sources in the Baba 
seepage samples and compare the real TPH soil concentration with HI results, Wayne et al., (2001) 
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mention that OC or TPH is the most widely-used parameters. In this study, both methods were applied 
and compared the results with the HI. 
 
Figure 30: An absorption feature with peak shoulders RA, RC (continuum boundaries). RB is the minimum reflectance and 
continuum center RD, which is used with the three models (modified after Kühn et al., 2004) 
 
  
3.3.2.3. High-Temperature Oxidation (HTO) method 
OC originates from the decomposition of plants and animals and it can range from fresh (leaves, twigs) 
to highly decomposed forms such as humus (e.g., Schumacher, 2002). Additionally, spills of 
anthropogenic contaminants and naturally-occurring oil seepage can increase the total organic carbon 
content in soils and sediments. A LiquiTOC IIR (manufacturer: Elementar Analysen Systems GmbH, 
Germany) is able to distinguish between organic carbon (OC), inorganic carbon (IC) and elemental 
carbon (EC) in solid matter using a temperature ramp method, where OC is first analyzed at 450 _C with 
N2 as the carrier gas. The reactor is then heated to 850 _C to measure IC in the same manner. In order 
to determine organic carbon in the soil samples, 5 to 10 mg of soil was weighed in a silica glass crucible. 
All 88 samples were measured with this technique. Calibration was done using a soil standard (1.6 % of 
both OC and IC) provided by Elementary Analysen Systems GmbH. The limit of detection (mean of noise 
+ 3x standard deviation) at 20 mg sample mass was 0.06 %, using baked (organic free) quartz sand as 
a blank medium (Table 6). 
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Table 6: Summary of the used methods to determine the organic contents in the samples (modified after Okparanma and 
Mouazen, 2013) 
 
3.3.2.4. Total Petroleum Hydrocarbon (TPH) method 
 
Among the different methods, gas chromatography with a flame ionization detector (GC/FID) is the 
recommended method to determine the TPH in the soil (Scherr et al., 2007). Thirty soil samples from 
the Baba seepage area were chosen to be analyzed by GC/FID to compare with the OC results (the orange 
points in Figure 28 C). The extraction step is based on the harmonized DIN ISO 16703 method "soil 
quality determination of the content of hydrocarbon in the range C10 to C40 by gas chromatography" (ISO 
16708 soil quality). 
This method defines the TPH as the total amount of hydrocarbons that can be extracted from the soil 
with an acetone/n-heptane mixture (2:1) and which elutes between n-decane (C10H22) and tetracontane 
(C40H82) by using a non-polar capillary column (Figure 31). All samples were spiked with a solution of 
n-decane and tetracontane (as an internal marker) and chromatograms were integrated into between 
these two peaks. Although this method is very effective and sensitive, it does not include the higher 
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Figure 31: Sedimented soil samples after extraction (left). The soil extracts were then given into separation funnel (right), (in 
cooperation with Schmidt, 2014) 
 
3.3.2.5. X-Ray Diffraction (XRD)method 
 
The spectral signature of several minerals was tested to evaluate any similarity with a hydrocarbon (like 
carbonates CO3), which can affect the absorption calculations. The spectral libraries and other studies 
(ENVI spectral library; Grove et al., 1992) showed that many minerals could cause a spectral interference 
with hydrocarbons. Therefore, XRD diffraction measurements were carried out to determine and 
characterize the mineral composition of bulk samples. In order to understand the general minerals of 
the seepage, six samples were chosen as representative of the whole area (1, 8, 27, 54, 81 and 88). X-
Pert-Highscore software of PANanalytical Co. was used for analyzing the mineralogical phases. The 
BGMN program (Bergmann et al., 1998) – which is based on the Rietveld methodology – was used for 
the quantification and further characterization of each identified phase. The Rietveld method uses a least 
squares approach to refine a theoretical line profile until it matches the measured pattern. 
 
3.3.2.6. Remote sensing and Satellite data  
 
Due to the importance of understanding the impact of the structure of the rock, the lineaments detection 
patterns have been identified in this study by remote sensing techniques, using the satellite digital 
elevation model (DEM) and the auto lineament extraction method in PCI Geomatica program (Abdullah 
et al., 2010). In order to reveal the potential of hyperspectral remote sensing reflectance data to quantify 
soil hydrocarbon contamination in oil areas using the laboratory´s results like OC and TPH, the mass 
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content of soil samples as well as the results were compared with typical mineral absorption features 
from the ASTER Spectral Library (within ENVI 4.7) (Baldridge et al., 2009). 
Several methods including the use of band ratios and indices from different satellites were tested to 
detect the hydrocarbon satellite images with different specifications (Figure 32). The Normalized 
Difference Vegetation Index (NDVI) was used, for example, as a primary step to classify the different 
vegetation types (Schumacher, 1996). The results from the satellite data will be published in the separate 
case study.  
 
 
Figure 32: Satellite data (archive) with natural colors for selected seepage in Baba area. A) Hyperion image (2015) with spatial 
resolution (30 m). B) Digital elevation model (DEM) from Shuttle Radar Topography Mission (SRTM) with spatial 
resolution (30 m) https://www2.jpl.nasa.gov/srtm/ . C) QuickBird image (2006) with spatial resolution (0.6 m). D) 
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4. Results and discussion 
 
4.1.  Organic chemistry properties approach to correlate seepage and reservoir crude oil 
 
4.1.1.  API gravity and sulfur content 
 
The API gravity of the crude oil samples shows a wide range at 11.8 – 43.3 and for the seepage samples 
8.5 – 9, which can be classified in the range of very heavy to light oils (Table App - 1). This result 
confirms that the Iraqi crude oil has wide variations in density API gravity values depending on the 
saturation of the source rocks and the age and depth of reservoir formations (Jassim and Al- Gailani 
2006; Simon, 2011). Besides the type of source rocks, certain ranges can also be interpreted as different 
lithologies and related environmental settings. However, oil gravity decreases with decreasing reservoir 
age (Aqrawi et al., 2010). On a field scale, the general results from all the fields showed no clear 
correlation between oil reservoir age and API except Bai Hassan oil field where the oil samples from 
Cretaceous reservoir have slightly lower API values comparing with a Tertiary reservoir (Figure 33). The 
lightest oil (highest API) is from the Jambur field in the Early Cretaceous reservoir (L. Sarmord 
Formation), while the heaviest oil is from the Qaiyarah field in the Early Miocene (Euphrates Formation), 
with an average of 15.5°. 
 
 
Figure 33: API gravity and sulfur content of oils vs. reservoir depth (RTKB). The circle symbol is representing the Cretaceous 
reservoirs, while the tertiary reservoirs are represented by a square 
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Due to the high concentration of the sulfur content, all oil type of the selected fields can be considered 
as “sour” crude oil type (>0.5 wt% S) (Duissenov, 2012). The sulfur content range is 1.02 - 7.8 and 
higher than 4 for the seepage samples. With respect to the Cretaceous Bai Hassan samples, the sulfur 
content slightly increased with increasing depth (Figure 33). The relation between the API and sulfur 
can be the result of maturation, with high API gravity values showing lower sulfur content (Figure 34). 
A general trend can be noticed between the API and sulfur content especially in the samples from Bai 
Hassan and Khabbaz fields.  
 
Figure 34: Sulfur content vs. API gravity allows a further characterization of the single oil field. The circle symbol 
represents the Cretaceous reservoirs, while the tertiary reservoirs are represented by a square. The 
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4.1.2. Bulk screening analysis Crude oil composition 
 
The results from compound group separation (IATROSCAN) show a large compositional variation 
between the fields and even samples within the same field (Table App - 1). In contrast to this observation, 
samples from the Kirkuk field (Avanah and Baba) are relatively similar. Little variation around 28-30 % 
aliphatics, 50-25 % aromatics, 12-15 % NSO compounds and 3-5 % resins + asphaltenes are shown and 
asphaltenes are mobilized at last. Meanwhile, Bai Hassan samples are showing more heterogeneous of 
the oil composition. Three selected oil and on seepage samples were shown in Figure 35. 
 
4.1.3. Molecular composition 
 
The predominating characteristic of every measured sample is the paraffinic composition with a high 
abundance of short-chain n-alkanes and gradually decreasing peaks towards long-chain n-alkanes. The 
results of applying chromatogram to the selected sample are presented in Table 7, Table 8 and Table 9. 
CPI and OEP are changing only for the K 371from the Baba Dome, where this sample has an almost 
equal OEP, but a regular CPI. The n-alkane range has a high similarity of all analyzed samples. With a 
range between 2 and 13, the nC17 / nC25 (for example) have high above 1. According to (Peters et al., 
2005), thermal maturity could be referred by CPI values above or below 1.0. Values close to 1.0 are 
showing low maturity, which is rare in general. Therefore, an odd or even n-alkane dominance is 
expected in a thermally-mature hydrocarbon system like the study area. 
A certain predominance of Pristane (Pr) or Phytane (Ph) was not detected in the studied fields. The TAR 
(terrigenous/aquatic ratio) is representing a clear marine trend. Moreover, the values between 0 and 0.1 
do not show a potential terrigenous input. Biomarker results are split into three parts, namely source, 
age, and maturity. The analyzed samples show a rather homogenous sterane distribution. C29 diasteranes 
were recorded in seepage sample 614. Except for Baba Dome and in the seepage samples, The C35 
homohopane index varies in samples based on the field level. As most-useful indicators of oil maturity 
(Peters et al., 2005), the ratio of Trisnorhopane (Ts) & trisnorneohopane (Tm) as Ts/(Ts+Tm) and the 
regular sterane/17α-hopane ratio (St/H) vary slightly, especially in Jambur. Ts/(Ts+Tm) is mainly a 
thermal parameter, which is based on the thermal stability of C27 hopanes. Tm (or C27 17α-trisnorhopane) 
is less stable than Ts (or C27 18α-trisnorhopane) during catagenesis (Seifert & Moldowan, 1978).  
With the most significant depth difference, the C35/C34 (hopane ratios) were remarkable for the Bai 
Hassan and Khabbaz samples. Meanwhile, the Maturity and age-related parameters are similar for all 
fields, including for most of the seepage results. Moreover, ßß/(αα+ßß) explains also differing results 
for oil samples of Bai Hassan and the seepage samples. 
 






Figure 35: Bulk and molecular geochemical data for four selected oil samples K 218, K 229, Kz 18 and SK 615 
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Table 7:  GC data for saturated hydrocarbon fraction of crude oils from Northern Iraq 
4.1.4. Source-related 
 
For source analysis of the organic matter, the relative abundance of three sterane groups (ααα R+S & 
αßß R+S) was used. Characteristic of an anoxic environment is a specific sterane distribution of marine 
steranes (Connan et al., 1986). Specific ecosystems have particular common sterane:  C27 dominance 
steranes are common in lacustrine environments and dominance of C28 are marine and C29 are 
terrigenous environments. Concerning the depositional environment of the organic matter, the relative 
Well  Pr/nC17 Ph/nC18 Pr/Ph Pr + nC17 / Ph + nC18 nC17/nC25 CPI OEP TAR 
K 411 0.14 0.24 0.82      
K 407 0.24 0.30 1.15 1.35 7.58 0.95 1.04 0.09 
K 429 0.11 0.26 0.57 1.14 6.52 1.00 1.1 0.08 
K 229 0.11 0.23 0.63 1.12 4.75 1.10 1.07 0.1 
K 324 0.22 0.34 0.80 1.12 5.23 1.35 1.12 0.06 
k 348 0.25 0.29 1.23 1.38 12.66 0.97 1.16 0.05 
k 346 0.25 0.29 1.18 1.34 10.77  1.19 0.1 
K 347 0.22 0.28 0.92 1.12 3.90 0.87 1.1 0.08 
K 332 0.25 0.30 1.16 1.32 6.41 1.19 1.31   
k 425 0.34 0.37 1.13 1.20 8.91 1.04 1.17 0.02 
k 218 0.16 0.28 0.68 1.10 5.14 0.94 1.2  
K 371 0.25 0.29 1.03 1.18 5.46 1.14 0.99 0.05 
K 265 0.26 0.33 0.93 1.12 4.61 1.01 1.2 0.27 
K 263 0.25 0.30 1.14 1.31 7.17 1.03   
K 280 0.64 0.66 1.05 1.07 2.09 0.98 1.2 0.24 
K 337 0.19 0.31 0.75 1.10 7.45 1.04 1.28 0.05 
SK 614 0.33 0.33 1.31 1.33 8.70  1.04 0.07 
SK 615 1.52 0.56 2.32 1.39 3.88  1.27   
K334 0.17 0.25 0.85 1.10  0.96   
bh 157 0.23 0.28 1.12 1.33 8.31 0.97 1.2 0.06 
bh 96 0.13 0.25 0.75 1.25 9.39 0.96 1.06 0.03 
bh 134 0.13 0.24 0.73 1.22 7.99 1.09 1 0.03 
bh 8 0.36 0.34 1.28 1.26 12.13 0.96 1.19 0.03 
bh 42 0.22 0.31 0.92 1.22 9.18 0.97 1.23 0.08 
bh 29 0.23 0.28 1.06 1.25 6.46 1.07 1.24 0.04 
bh 49 0.23 0.29 1.08 1.31 11.95 1.03 1.13 0.06 
bh 71 0.23 0.36 0.92 1.31 12.25 1.04 1.17 0.05 
bh 60 0.22 0.34 0.96 1.31 13.31 0.91 1.1 0.05 
Kz 18 0.37 0.35 1.16 1.12 4.11 1.02 1.04 0.11 
Kz 12 0.13 0.23 0.73    0.93   
Kz 23 0.13 0.13 0.81 1.26 8.49 0.9 0.99 0.05 
Kz 24 0.17 0.17 0.65   0.91   
Kz 4 0.16 0.27 0.65   0.9   
Kz 1 0.13 0.23 0.6   0.91   
J22 0.37 0.36 1.18 1.17 3.26 0.97 0.99 0.18 
J 16 0.25 0.32 0.99 1.19 10.34 1.07 1.08 0.07 
J 63 0.22 0.25 1.16 1.30 6.15 1.00 1.09 0.02 
Q 75 0.28 0.23 1.68 1.41 7.78    
Q 45 0.28 0.45 0.81 1.15 4.1    
Q 73 0.19 0.3 0.52 0.94 2.7    
Q 38 0.28 0.34 0.74 1.01 2.9    
SQ 81 0.57 0.27 1.55 1.2 3.4    
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abundance of C27-C28-C29 steranes for most samples plot is in an overlap area of marine carbonate and 
non-marine shale, close to marine shale (Figure 36). 
 
 
Figure 36: Distribution of regular steranes showing relative sterane abundance. Non-marine shale A: non-marine algal organic 
matter and B: terrigenous (higher plant) organic matter. The circle symbol represents the Cretaceous reservoirs, while 
the tertiary reservoirs are represented by a square. Modified after Huang and Meinschein, 1979; Peters et al., 2005 
 
A distance of at least 200 km between the Chia-Gara Formation and the coastline - during Late Jurassic 
and Early Cretaceous, was calculated (Mohialdeen et al. 2013). Even it was suggested that due to the 
similar geochemical characteristics of Tertiary and Jurassic-Cretaceous oils propose a similar origin, 
probably in source rocks in the Sargelu Formation (and Naokelekan, Barsarin /Gotnia Formations) and 
the Chia Gara Formation (Aqrawi et al., 2010). 
Regular sterane/17α-hopane (St/H) provides further information about the depositional settings. The 
most commonly used biomarkers are St/H distribution for source related studies. The distribution of 
regular steranes consist of the C27 - C29 ααα (20S + 20R), aßß (20S + 20R) and the 17α-hopanes consist 
of the C29 – C33 (22R + 22S) are pseudohomologs, which gives understanding about the relative input 
of eukaryotic (algae and higher land plants) vs. prokaryotic (bacteria) organisms (Hunt, 1996; Peters et 
al., 2005). 
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Based on the data presented above, a terrigenous input is rather unlikely, and Connan et al., (1986) 
have observed a high bacteria input in carbonates and anhydrite facies of a sabkha palaeoenvironment.  
The findings with a predominance of (C27 - C28) hopanes occurred from high microbial input from marine 
deposited carbonates. As well as, two hopane based parameters, a tandem of C29/C30 vs. C35/C34 hopanes 
and the C35 Homohopane index (HHI) are supporting a marine depositional setting. C35 hopanoids in 
prokaryote microorganisms originate from C31-C35 Homohopanes. Their abundance can be used to gain 
information regarding the redox potential during and directly after deposition. 
Crude oils represent highly reducing marine source rocks with non-available free oxygen, because of a 
relatively high abundance of C33, C34 or C35 homohopane compared to lighter homologs.  In systems with 
free oxygen, the precursor bacteriohopanetetrol is oxidized into a C32 acid, or get preserved as a C32 
homolog if the available oxygen was consumed (Peters et al., 2005). 
Table 8: Analysis chart of GC and GC-MS oil biomarkers data for selected oil samples representing Cretaceous and Tertiary 
formations 







a hopane  
(St/H) 
C29/C30 C35/C34 C28/C29 
Kirkuk - 
Avanah 
K 218 32 32 37 5.08 0.29 0.32 1.58 0.74 0.86 
 K 371 30 33 37 8.79 0.27 0.52 1.38 1.09 0.89 
                   K 429 37 30 33 18.54 0.32 0.52 1.24 1.28 0.90 
                    K 229 35 24 41 15.52 0.43 0.24 1.27 0.90 0.58 
Bai 
Hassan 
bh 42 30 32 38 18.48 0.23 0.47 1.57 1.34 0.84 
bh 96 35 30 35 3.10 0.23 0.26 1.26 0.23 0.85 
Khabbaz 
KZ 18 36 30 34 7.24 0.19 0.37 1.56 0.61 0.88 
KZ 23 35 28 37 20.40 0.20 0.31 1.53 1.07 0.75 
Jambur 
J 16 32 33 35 7.78 0.27 0.45 1.33 1.07 0.94 
J 45 33 33 34 13.47 0.34 0.71 1.17 1.07 0.97 
Seepage 
SK 614 36 36 28
* 
12.64 0.25 0.33 1.44 1.07 1.27 
SK 615  30 31 39 13.78 0.30 0.27 1.48 1.20 0.79 




A characteristic C35/C34 ratio of > 0.6 is common for Marine source rocks and mainly the crude oil of 
marine carbonate source rocks has values of > 0.8, combined with high C29/C30 ratios (>0.6) (Peters 
and Moldowan, 1993).  Low HHI results explain a dominance of C31 and C32 homohopans and indicate 
a dominantly suboxic environment, but due to the HHI differences between 3 and 20 % C35 the area of 
Kirkuk shows variations in its redox conditions during deposition (Table 8). Figure 37 indicates C29/C30 
and C35/C34 ratios compared with values of the carbonate or marl source rocks. For the Khabbaz fields, 
a salient trend can be observed; two largely different C35/C34 results combined with a consistent C29/C30. 
An indicator for a suboxic environment is the abstinence of C35 without a preservation potential for 
homohopane precursor molecule. 
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High Pristane (Pr) /Phytane (Ph) values (> 3) indicate a terrigenous input of organic matter with 
oxidation conditions, as well as matching with Sulfur contents (Peters et al., 2005). Thermal maturation 
and the numerous inputs of biomolecules are primary sources for influence on the results, whereby the 
Pr/Ph ratio decreases with increasing depth (Figure 38). Regarding the lithology, dominating carbonates 
or calcareous layers in source rocks at entire areas is supported by low Ts/(Ts+Tm) values (Table 8). 
 
 
Figure 37: Hopane ratio diagram of crude oil samples from different oil fields. The highlighted corner is characteristic for marine 
carbonates and marl and Coal/ resin source rocks when C35/C34 Hopane lower than 0.6. The circle symbol is 
representing the Cretaceous reservoirs, while the tertiary reservoirs are represented by a square. Rock source after 
Peters et al., 2005)  
 
The source of organic matter has a strong influence on this maturity-related parameter, whereby 
Ts/(Ts+Tm) gives source and maturity information (Peters et al., 2005; Seifert & Moldowan, 1978). 
McKirdy et al., (1983) and other case studies have proven a clear predominance of Tm over Ts for 
carbonates. Therefore, and due to the similar results, the organic matter from carbonate source rocks is 
most dominant in the area of Kirkuk area.  
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Figure 38: Pristane/Phytane ratio with depth (m) RTKB for selected oil samples in Kirkuk and Qaiyarah areas. The circle symbol 
is representing the Cretaceous reservoirs, while the tertiary reservoirs are represented by a square 
 
According to the results of the oil samples, the third most abundant atomic constituent is sulfur. Values 
between 1 and 8 % of sulfur content are a clear indicator of shale and/or carbonate from the marine 
origin (Peters et al., 2005). Therefore, sulfur content can be a tool for oil fields separating, and this can 
observe in the fields of Qaiyarah, Bai Hassan and seeps, where a remarkably high sulfur content was 
found. However, more mixing starts in Avanah, Baba, and Jambur, ending with Qaiyarah (Figure 33), 
where separation is mainly driven by API gravity. The Bai Hassan Cretaceous reservoir, for example, has 
lower API gravity and higher sulfur content. High sulfur content can result from migration pathways and 
the difference in the source, while API gravity is also driven by depth. However, it is essential to consider 
that the reservoir age is representing oil specification. 
The three Bai Hassan tertiary oil samples are located next to each other, and this explains similar source 
origin (Figure 33 & Figure 34). The analyzed dataset represents such an interpretation, with a dominance 
of saturated and aromatic hydrocarbons and a still high number of sulfur-bearing molecules. The 
migrated oils are usually rich in saturated and aromatic hydrocarbons and depleted in NSO and 
asphaltenes (Tissot and Welte, 1984). 
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4.1.5. Age-related 
 
Without terrigenous input, the C28/C29 regular sterane ratio offers age estimation method for oils. Over 
the geologic time the relative content of C28 steranes increases (Grantham & Wakefield,1988), without 
the characterized rise of specific organisms, but most with the arising diversification of phytoplankton 
assemble. The most intensive increase, characterized by values > 0.7 generated by Jurassic and Late 
Cretaceous (Figure 39). C29 sterane abundance decreases over time and increases the C28 sterane trend 




Figure 39: The geologic time and the increase of C28/C29 sterane. Peters et al., (2005), modified after Grantham & Wakefield 
(1988) 
 
According to Al-Ameri and Zumberge (2012), the GeoMark Research OILS_ database and the results in 
Table 8, the regular sterane ratio of C28/C29 can classify the oil samples to three types. The source of oil 
family type (1) is Middle and Late Jurassic age carbonate rocks Sargelu and Naokelekan formations 
based on the ratio of C28/C29 = 0.56 - 0.65 from the samples K 229, K411 and K334 (the three red dashed 
lines with the low ratio in Figure 40). All other samples except SK614 were used to estimate the 
boundaries to the ratio of C28/C29 = 0.75 to 0.94, which represent a second family type (2) from the Late 
Jurassic/Early Cretaceous age, mainly Chia Gara Formation (Mohialdeen et al., 2013) carbonate and 
marl. The seepage SK 614 explains the high ratio of C28/C29 reaching to 1.27, which reflects more recent 
source rocks (as family 3). Due to the sampling location within the Fatha cap rock Formation, the source 
could be Late Cretaceous Shiranish Formation (Table 1) or even in the Early Tertiary Aaliji or Jaddala 
formations (Al-Shrhan and Naten, 2003). 
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Figure 40: C28/C29 sterane increase over geologic time for selected samples (dashed lines). Both regular steranes and triaromatic 
steranes of Cretaceous and Tertiary reservoir oils from Northern Iraq based on from GeoMark Research OILS_ 




Basically, Thermal processes include cracking of longer chains into shorter. A tandem plot – given in 
Figure 41 – shows an overview of the analyzed samples. The Pr/nC17 and Ph/nC18 decrease with rising 
depth in the Kirkuk field (Avanah and Baba Domes), Khabbaz and Bai Hassan. The varying input of 
Pristane and Phytane, which affects the result, would indicate a higher maturity in Cretaceous reservoirs. 
Generally, a maturation trend can be observed in every single field. Higher maturation results of 
Cretaceous can be found in Baba, Khabbaz and Bai Hassan. The C29 (20S/ (20S+20R) sterane index can 
define less or immature to mature samples, while C29 ßß/ (ßß + αα) can detect the range of mature to 
over-mature samples (Table 9). In a tandem diagram, mature samples should plot in the central upper 
part, but not come to close the equilibrium line of ßß/ (ßß + αα) (Figure 42).  
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Figure 41: Relationship between Pr/n-C17 and Ph/n-C18 for oils from northern Iraq. The circle symbol is representing the 
Cretaceous reservoirs, while the tertiary reservoirs are represented by a square. The triangle symbol refers to unknown 
reservoir age samples. After Peters et al., (1999) 
 
Table 9: Listed are the calculated GC-MS biomarkers. The relative 20S and ßß abundance are measured for the C29 sterane 
 
Field Well 20S/(20S+20R) ßß/(αα+ßß) BNH+TNH/hopane 
Kirkuk / Avanah 
 
 
K 218 0.5 0.50 0.47 
K 371 0.56 0.52 0.42 
Kirkuk / Baba K 429 0.52 0.55 0.48 
K 229 0.51 0.55 0.44 
Bai Hassan BH 42 0.45 0.46 0.35 
BH 96 0.47 0.57 0.39 
Khabbaz KZ 18 0.49 0.59 0.48 
KZ 23 0.51 0.54 0.39 
Jambur J 16 0.54 0.56 0.48 
J 45 0.52 0.48 0.60 
Seepage SK 614 0.48 0.35 0.42 
SK 615 0.46 0.53 0.40 
BNH = Bisnorhopane, TNH = Trisnorhopane, hopane = C30 hopane + C29 norhopane. 
   85 
According to Peters et al., (2005), Isomerization starts during burial and with the values 0.5 reaches 
equilibrium at thermal maturation. However, for every field and reservoir, the results of this maturity 
approach quite similar, again at 0.5. With values between .7 (= equilibrium) and zero, the relation based 
on the ßß/(ßß + αα) isomerization provides further detailed information about the occurred maturity. 
These samples represent mature fields, without reaching a maximum or over-maturation, defined by 
isomerization equilibrium for ßß + αα. 
 
Figure 42: Correlation of C29 steranes isomerization parameters, which commonly increase with maturation. The circle symbol 
represents the Cretaceous reservoirs, while the tertiary reservoirs are represented by squares 
 
4.1.7. Kirkuk Seepage samples 
 
Regarding the different characteristics and behavior of the seepage samples, it was difficult to make the 
same measurement to the samples SK 614, SK 615 and SK 616. According to the Wenger et al., (2002) 
biodegradation quantification scale (Figure 43), and the seepage sample SK 615 show a biodegradation 
result of Unresolved Complex Mixture (UCM). n-alkanes decrease relative to iso-alkanes, they are 
affected by depletion without a complete elimination. Therefore, the classification of sample No. SK 615 
is Moderate biodegradation. The iso-alkanes/n-alkanes ratios of 1.52 for Pr/nC17 support this 
interpretation. A Pr/Ph ratio of 2.32 is higher than in moderate samples and the API gravity represents 
solid material, which cannot be proven by Wenger et al., (2002). However, according to a sulfur content 
of 4.5 % and an API gravity of 9°, the classification of the seepage sample SK 615 would fit into heavily 
to severely degraded samples (Figure 43).  
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The C35 homohopane index can give a potential connection between the seeps and Baba Dome reservoir. 
Reducing conditions and preservation of biomolecular precursors can be interpreted from a high C35 
homohopane index. This means the intensive biodegraded seepage sample SK 615 could not related to 
the water washing in an oxic environment. 
Seepage sample SK 616 has no UCM signal and a peak from nC15 loss of light saturated hydrocarbons. 
It is slightly biodegraded - supported by a sulfur content of 2.87 % - with an alteration of Pristane and 
Phytane. Enrichment of sulfur content of both samples according to biodegradation is shown. The 
seepage sample SK 616 shows the enriched sulfur content of 2.87. This value is within the range of the 
upper reservoir of Baba Dome oil samples, which have sulfur content varies between 2 and 2.7 %.  
 
Figure 43: A scale for quantification of biodegradation. The absent of selected components at biodegradation levels modified 
after Littke et al., (2008); Wenger et al, (2002); Head et al., (2003) 
   87 
4.1.8. PAHs in Crude and Seepage Oils 
The results were established on seven oil samples (as described in 3.1.7). These samples were used based 
on their properties (different API gravity) and origins order (Table 10). Figure 44 contrasts the 
percentage of PAH dispersion of the crude oil and the seepage samples are indicated. The findings make 
it clear that almost all PAHs are evident in the tested oils. The structural amount of the primary elements 
is comparable for all tested oils, except for seepage sample 20.  








Age - Formation Field 
J 16 
 
light 43.31 0.809 1.41 3501.5 Aptian -                    
L. Sarmord 
Jambur 
K 411 light 37.10 0.84 2.31 1460 Albian -               
L. Qamchuqa 
Baba - Kirkuk 
K 324 medium 29.54 0.878 2.03 438 Oligocene – Baba Baba - Kirkuk 
bh 88 medium 26.58 0.8944 3.34 1425 Oligocene – Baba Bai Hassan 
Q 73 heavy 15.66 0.9615 7.84 304 Miocene - 
Euphrates 
Qaiyarah 
Q 75 heavy 11.86 0.9861 7.73 296 Miocene - 
Euphrates 
Qaiyarah 
SQ 81 extra heavy 9.89 1.005 6.45 0 - Qaiyarah seepage 
SQ 82 extra heavy ND ND ND 0 - Qaiyarah seepage 
Seep 20 extra heavy >7 1.028 7.97 0 - Baba seepage 
 
 
The most influential portions of the other eight oil samples are 2- methyl-Naphthalene, 1- methyl-
Naphthalene and Naphthalene, which cover a minimum of 60 % of the total PAH amount (Table App – 
2). According to the Figure 44, High API gravity (more than 10) of oils samples (J 16, K 411, K 324, bh 
88, Q 73, Q75) have recorded higher than 80 % of these three compounds of the total of all tested PAHs. 
Lower than the first three PAHs, the Phenanthrene and Fluorene were detected as a relevantly high 
influential compound. The Acenaphthylene, Acenaphthene, Pyrene, and Chrysene were also identified 
with lower concentration. The PAHs were present with smaller amounts in some of the oil samples. 
Meanwhile, there was no traced of Anthracene and Benzo[k]fluoranthene were found in any other tested 
oil samples. 
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Figure 44: Percentage distribution of different oil and seepage samples 
 
Each oil usually differs in its origin, whereby the findings of these study do not imply that Anthracene 
and Benzo[k]fluoranthene never occur in oil. Seepage sample No. 20 varies from the other samples 
(Figure 44), where small quantities of 2- methyl-Naphthalene, 1- methyl-Naphthalene and Naphthalene 
were noticed. The seeps samples faced an external influence such as the impact of climatic, which means 
that biodegradation and erosion by water can accelerate the breaking down of the low molecular weight 
PAHs (Pothuluri & Cerniglia, 1994). Figure 45 shows the percentage dispersion of the high molecular 
weight PAHs in an effort to emphasize this impact. 
The low molecular weight distribution of sample Nr. 20 could have been similar to the other samples. 
Meanwhile, the main difference is related to the degradation of the low molecular weight. This 
hypothesis of the sample genesis could not be applied to seepage samples SQ 81 and SQ 82, because 
they were constantly leaking to the surface. In contrast, seepage Nr. 20 was for a long period exposed to 
the weathering process. Thus, the samples SQ 81 and SQ 82 show similarities to crude oil, not to 
degraded seepage oil. 
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Figure 45: Percentage PAH distribution of high molecular weight PAHs in different oil and seepage samples 
 
As described in 2.3.8, the range of the PAH concentrations of the analyzed crude oil samples was 
compared with the Kerr’s results (Table 11). The mean of the batch experiments was calculated and 
compared with and without seepage sample No. 20. This comparison was made due to the remarkable 
composition of sample 20, which have a high impact at the mean concentration. The PAH content of the 
study area, beside Indeno[1,2,3-cd] pyrene, generally have lower values than the mean content of crude 
oil in Kerr at al., (2001) study. Furthermore, the highest content of Indeno[1,2,3-cd] pyrene in the Kirkuk 
crude oils is still less than the results of Kerr et al., (2001).  
The result of the comparison shows significant differences in the PAH distribution of the Kirkuk oil 
samples and Kerr’s study results. The Kirkuk crude oil in this study contains Acenaphthylene even though 
it was not recognized in Kerr’s experiments. Anthracene and Benzo[k]fluoranthene were detected in 
Kerr’s analysis, but they were not identified in this study. Kerr et al., (2001) found in 93% of 60 samples 
Benzo[k]fluoranthene. Meanwhile, the tested offshore crude oils in the North Sea did not show any 
Benzo[k]fluoranthene (Aas et al., 2000). The summation of PAHs is an additional important parameter 
to analyze the PAH contamination. The summation of PAH in all 20 oil samples is illustrated in Figure 
43. The equation which was used for the calculation of the content was the following: (mass of PAHs 
(ng) diluted in cyclohexane (ml)) divided by the mass of oil in gram. The total PAH content clearly shows 
a link between the number of PAHs and the classified oils. According to this method, lighter oils (J 16) 
contain more PAHs than heavier oils Nr. 20. 
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Table 11: Comparison of the PAH content between the results of this study and other worldwide oils 
 
 





Mean values of experiments 
without sample No. 20 
(mg/kg) 
Mean values of 
experiments inclusive 
sample No. 20 (mg/kg) 
Naphthalene 422.9 131.02 116.52 
Acenaphthylene ND 6.73 5.98 
Acenaphthene 13.9 10.18 9.08 
Anthracene 3.4 ND ND 
Phenanthrene 176.7 52.25 46.68 
Fluorene 73.6 26.7 23.76 
Benz[a]anthracene 5.5 1.04 1.05 
Fluoranthene 3.9 2.02 2.12 
Chrysene 28.5 3.23 3.37 
Pyrene 15.5 4.44 4.75 
Dibenz[ah]anthracene 1 0.44 0.44 
Benzo[a]pyrene 2 1.83 1.88 
Benzo[b]fluoranthene 3.9 0.93 1.06 
Benzo[k]fluoranthene 0.46 ND ND 
Indeno[1,2,3-cd]pyrene 0.06 0.21 0.22 
Benzo[ghi]perylene 1.53 0.67 0.75 
1 Kerr et al., 2001 
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4.2. Hydrogeology approach to evaluating the salinity source 
 
Sixty-five water samples from the Kirkuk area (Figure 23) were analyzed for hydrochemical parameters, 
including water isotopes (D, 18O). In addition, strontium concentrations and strontium isotopes 
(87Sr/86Sr) were determined (Table App - 3). 
4.2.1. Hydrochemistry analyses 
The groundwater contour map – constructed base on hydraulic head measurements during the sampling 
campaign and using data from Saud (2009) – indicates regional groundwater flow direction from north-
east to south-west, following the topography of the region. This shows a regional hydraulic connection 
between the two basins due to the fracture system of the Fatha Formation. However, the occurrence of 
several diffuse sulfur springs along the north-eastern outcrops of the Fatha – e.g., B23 in the Kirkuk 
anticline, Q64, and Q70 in the Qara Chauq anticline, and the low discharge spring J37 in the Jambur 
anticline – underlines that the Fatha Formation acts at least partly as a hydraulic barrier, due to the low 
matrix permeability. 
As discussed in section 2.4.5, the north-west to south-east striking Kirkuk anticline divides the area into 
two sub-basins (Saud, 2009). These basins are separated by the Fatha Formation, which has a low matrix 
permeability and outcrops in a small band on the anticline axis (see Figure 6, Figure 7, Figure 12) and 
(Figure – App. 4). The hydrochemistry of the groundwater in the two basins is significantly different, as 
indicated by the location of the samples in the Piper diagram (Figure 47). While in the upstream basin 
– upstream from the Fatha Formation in the Kirkuk anticline – groundwater chemistry is mainly 
dominated by calcium and bicarbonate and a relatively low overall mineralization (EC from 350 µs/cm 
to 900 µs/cm), the groundwater hydrochemistry in the downstream basin is dominated by 
calcium/sodium sulfate with higher salinities (EC reaches to 6500 µs/cm). This is also reflected in the 
composition of the Zab river water sampled upstream (Z5) and downstream (Z16) of the anticline. The 
rapid change in general hydrochemistry along the flow path at the anticline axes is most likely due to 
the dissolution of evaporates in the Fatha Formation, especially near the Baba Dome (Araim, 1990). 
Plotting the Na/Br and Cl/Br molar ratios of all samples reveals that both upstream and downstream 
samples plot below the halite dissolution/recrystallization line, which indicates an additional source of 
sodium in the water (Figure 48). The depositional setting of the Fatha Formation is assumed to be a 
semi-closed, arid and shallow epicontinental sea with a series of various Sabkha evaporates (Aqrawi, 
1993). This can result in the formation of sodium sulfate (Shawkat, 1979) and sodium, magnesium and 
potassium-rich evaporates have been reported to occur in the Fatha Formation (Al-Jaboury et al., 2009). 
Moreover, cation exchange may contribute to the elevated sodium concentrations in the water samples. 
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Figure 47: Piper diagram of the water samples indicating the main three end members. Triangles refer to the samples from 
upstream basin, circles represent samples from the downstream basin (Sahib et al., 2016) 
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Figure 48: Relationship between Na/Br and Cl/Br molar ratio. The dashed line in halite dissolved line. For comparison, squire 
symbols refer to brines from Oligocene oil traps in Iran (Mirnejad et al, 2011). Triangles refer to the samples from 
upstream basin, circles represent samples from the downstream basin (Sahib et al., 2016) 
 
 
A bivariate plot of Ca2+ +Mg2+ – HCO3 – –SO42 − versus Na+ +K+ –Cl− (Figure 49) was constructed to 
assess the possible effects of cation exchange. Data points close to the origin of the figure indicate that 
no significant ion exchange occurs. Deviations from the origin can be caused by either cation exchange 
(Mclean et al., 2000) or the dissolution of other minerals than halite, gypsum or carbonates. Cation 
exchange would result in a line with a slope of −1 (ion exchange line). In our case, most samples deviate 
from the ion exchange line towards relatively higher sodium and potassium concentrations, indicating 
the dissolution of additional minerals containing these cations. This is in accordance with the assumption 
that sodium and potassium-rich evaporates occur in the Fatha Formation. 
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Figure 49: Ca+Mg-HCO3-SO4 versus Na+Ka-Cl plot of groundwater in the Kirkuk area. The solid black line indicates the ion 
exchanging line with a slope of -1 (Sahib et al., 2016) 
 
The oil field brine samples (BH 175, K 396) are dominated by sodium and chloride and exhibit the 
highest mineralization with an electrical conductivity of around 155,000 µS/cm. In the Piper diagram, 
the oil field brine samples, the upstream river water sample (Z5) and the sulfur spring samples (e.g., 
Q64) indicate the potential end members of mixing between the different water sources. However, for 
most of the samples from the downstream basin – which are generally high in sulfate – additional mixing 
with oil field brine is unclear as the Fatha Formation also contains some salt (halite) layers (Jassim and 
Goff, 2006). Dissolution of halite would shift the location of the samples in the Piper diagram to the 
chloride corner where the oil field brines are located. Dissolution of halite from the Fatha Formation 
might even be true for sample B 23, a spring close to an oil seepage location whose chemical composition 
matches that of the oil field brine sample, although electrical conductivity (EC) values are much lower 
compared to the brine sample. 
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4.2.2. Strontium in groundwater 
 
Strontium concentrations in the water samples range from less than 1 mg/l for the upstream river water 
sample to about 180 mg/l and 300 mg/l for the two brine samples, respectively. Plotting strontium 
concentrations in water samples against the distance of a sampling location from the anticline cores 
reveal an increased strontium concentration closer to the cores (Figure 50). Such increasing indicates 
that the main sources for elevated strontium concentrations in the water samples are located at the 
anticline axes. Strontium is an alkaline-earth element that follows calcium (Ca2+) in geochemical and 
hydrological cycles. Strontium is specifically incorporated in marine limestone, gypsum and anhydrite 
during precipitation from seawater. Most likely, the high strontium concentrations in the brine samples 
result from dissolution and dolomitization processes in carbonates of the Kirkuk and Jaddala/Avanah 
formations (Majid and Veizer, 1986), as strontium often substitutes calcium in carbonates (Klimas and 
Malisauskas, 2008). This is especially enabled by the typically strongly acidic conditions in such 
reservoirs. Majid and Veizer (1986) reported strontium concentrations in the carbonates of these 
formations, reaching up to 1000 mg/kg. 
The Fatha Formation might potentially also be a source of elevated strontium concentrations in the water 
samples. According to Al-Bassam and Hak (2006), the Fatha Formation contains sulfur-bearing horizons 
comprising secondary calcite, gypsum and aragonite that can release strontium through the dissolution 
of strontianite or celestite (Eq. 15). 
 
SrSO4              Sr2+ + SO42-…………………………………………………….………(Equation 15) 
 
There is ample field evidence for the dissolution of gypsum in the Fatha Formation as karstic hypogene 
and epigene caves are formed in gypsum-rich layers (Figure - App. 5). Due to the presence of H2S (Fig.  
24 B) in the groundwater, identified by its characteristic smell, karstification might also be due to the 
oxidation of hydrogen sulfide with oxygen in the groundwater (Palmer and Hill, 2012) (Eq. 16). This is 
supported by the occurrence of the traces of sulfur at the surface (Figure - App. 6). 
 
2H2S + O2 --- oxidation environment --- 2S + 2H2O ………………………………(Equation 16) 
 
With this, two potential sources for high strontium concentrations in groundwater can be identified: (i) 
dissolution of carbonates in the Kirkuk Group and Jaddala/Avanah formations and resulting enrichment 
of strontium in the oil field brines, and (ii) dissolution of gypsum in the Fatha Formation. Especially in 
the highly fractured cores of the anticlines with outcrops of the Fatha Formation, an uprise of oil field 
brines and dissolution of gypsum may occur at the same time, leading to elevated strontium 
concentrations in the water. 
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Figure 50: Relationship between Strontium concentration in water and the distance from the main faults in the Kirkuk area. 
Triangles refer to the samples from upstream basin, circles represent samples from the downstream basin (Sahib et 
al., 2016) 
 
4.2.3. Stable Water Isotopes 
  
4.2.3.1. Deuterium (δ 2H) and Oxygen (δ18O) 
 
In order to further elucidate mixing between the oil field brines and the groundwater, stable water 
isotopes (δ2H, δ18O) were determined (Figure 51). The isotopes of the spring water, surface water and 
groundwater samples show some variability, but plot mostly close to the Local Meteoric Water Line 
(LMWL; δ2H = 7.5 δ18O + 11.9, Al-Paruany, 2013). For the spring samples plotting right of the LMWL, 
secondary evaporation can be assumed. Samples showing this trend were mainly taken from small ponds 
at diffuse springs with low discharge (Q70, J37 and B25). Furthermore, the elevated EC values are in 
line with the postulated evaporation effect. Meanwhile, the high depleted samples can refer to the 
recharge from the rivers that are fed with the water from the higher elevation gradient lands to the 
north-east after the winter season. The oil field brines show isotopic signatures that significantly differ 
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from those of the water samples. The positive δ18O values are probably caused by an exchange of O 
atoms between the brine and the CaCO3 in the reservoir rocks (Clayton et al., 1966; Craig, 1963, Craig 
et al., 1956). For the Eocene and M. Oligocene limestone of the Kirkuk oil field, Majid and Veizer (1986) 
report δ18O values between −9 and 0‰ PDB. Converting these values into δ values on the VSMOW scale 
(Coplen, 1988), one obtains δ18O signatures roughly ranging between 22 and 31‰VSMOW. Hence, 
even a limited exchange would result in a significant positive displacement or “oxygen shift” (Craig, 
1963). 
In the present case, this shift caused a unique isotopic fingerprint of the brines (enriched by about 5‰). 
Thus, the stable water isotopes can – in principle – be utilized as a mixing indicator. Nonetheless, Figure 
51 does not reveal such a mixing. Even the sample B23 that shows an elevated salinity and a major ion 
composition resembling that of the brine samples (Fig. 47) plots close to the LMWL. However, this does 
not necessarily mean that no mixing occurs. Considering the EC values of the brine samples (approx. 
155,000 μs/cm) and the EC values of the remaining water samples (several hundred mg/l to 20,000 
μs/cm), a maximum of about 10% brine could be mixed into the water samples. This would cause a 
maximumδ18O enrichment by 0.5‰, albeit this is in the range of δ18O variations in the water samples. 
Therefore, the stable water isotopes are not sufficiently sensitive for detecting mixing in the present case. 
 
Figure 51: Cross plot of the δ D and δ18O of all water samples. Global meteoric water line (GMWL) (Craig, 1961) and LMWL (Al-
Paruany, 2013). On the left groundwater samples, on the right river and spring water samples, in comparison to oil 
field brine samples. The symbol size indicates EC values (Sahib et al., 2016) 
 
4.2.3.2. Sr isotopic  
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However, strontium concentrations in the water samples alone do not reveal the source of the strontium. 
Therefore, strontium isotopes were used to distinguish between the contribution of oil field brines and 
the Fatha Formation to the total strontium concentrations in the water samples. This approach is based 
on the fact that strontium isotopes can be used for dating of marine deposits (McArthur et al., 2012). 
Especially for tertiary deposits, the strontium isotopic signature of marine deposits shows a gradual 
increase in the 87Sr/86Sr isotope ratios over time (Oslick et al., 1994). As evaporation is conservative with 
respect to strontium isotopes (Peterman and Stuckless, 1992) dissolution of strontium from a carbonate 
formation will result in a unique strontium signature in the water, depending on the age of the formation. 
Depaolo and Ingram (1985) and Elderfield (1986) reported 87Sr/86Sr isotope ratios between 0.7081 and 
0.70765 for middle Oligocene-Eocene formations (i.e., Kirkuk and Jaddala/Avanah formations), while 
Oslick et al., (1994) and Howarth and McArthur (1997) reported ratios between 0.70828 and 0.7090 
for the Miocene formations (i.e., Fatha Formation). 
In Figure 52, the results are plotted against the strontium concentrations in the water samples. Most of 
the water samples have an average 87Sr/86Sr ratio of about 0.70820, which is between the values 
expected for the middle Oligocene-Eocene formations and the Miocene formations, respectively. 
Moreover, the upstream river water sample (Z5) – taken at some distance (8 km) from the axes of the 
Kirkuk anticline and the Fatha outcrop area – and all analyzed groundwater samples from the upstream 
basin fall in this range. Therefore, it can be assumed that this value is indicative for samples that are 
likely not to be influenced by the oil field brines and by waters originating from the Fatha Formation but 
originate from the shallow Mukdadia and Bai Hassan aquifers. The sediments of these aquifers are mainly 
terrigenous, unconsolidated materials that are derived from various sources and thus generate a mixed 
strontium signature in the water.  
The 87Sr/86Sr ratio of the brine samples (K396 and BH175) taken from production wells in the Kirkuk 
and Bai Hassan oil fields, respectively, show the typical signature of middle Oligocene-Eocene 
formations. This is expected as the brine samples are derived from the wells tapping the Kirkuk Group. 
There is some difference between the two samples that cannot be explained readily as the exact location 
of the screened sections of the wells are not known. However, the isotopic signature of both samples is 
significantly different compared to the signature of the waters from the upgradient basin. The spring 
water samples collected close to the fault zone (Q64, B20, and B21) have 87Sr/86Sr ratios typical for 
younger formations, which suggests that the discharging groundwater originates from the Fatha 
Formation. Moreover, sample B23 – which plots close to the brine sample in the Piper diagram – has an 
87Sr/86Sr ratio that indicates at least some extent of dissolution of evaporates and carbonates from the 
Fatha Formation. In contrast to this, strontium isotope ratios of the spring water sample b51 (0.70788) 
– which was also taken close to the fault zone – indicates mixing with oil field brine. This is the only 
water sample that clearly shows this effect and indicates an uprise of brines from the Kirkuk Formation 
through a local fracture system. However, not all water samples were analyzed for strontium isotopes. 
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Figure 52: Cross plot of 87Sr/86Sr isotope ratio vs. Strontium concentrations of selected water samples. The two shaded areas are 
the 87Sr/86Sr of the rocks formed during M. Oligocene - Eocene is typically between 0.70810 and 0.70765 (Depaolo 
and Ingram, 1985; Elderfield, 1986). Miocene rocks have 87Sr/86Sr ratios between 0.70828 and 0.70895 (Oslick et al, 
1994; Howarth and McArthur, 1997). Triangles refer to the samples from upstream basin, circles represent samples 















4.3. Spectral reflectance approach to determine the characteristic of Iraqi crude oil 
 
4.3.1. Crude oil spectral absorption 
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As a single-phase case, the four crude oil samples from the Kirkuk oil fields were analyzed for their 
spectral reflectance, scanning the wavelength range of 350-2500 nm by the Analytical Spectral Devices 
(ASD). Figure 53 shows the reflectance versus the wavelengths. Numerous absorption features were 
recorded in the crude oil spectra. Due to the different selected oil types (Table 12), the higher the API 
oil type correlates with deeper absorption features.  
The reflectance spectra of the condensate gas sample 628 show more absorption features than the other 
oil samples. It was noticed that sample 551 and 612 have a similar spectral pattern, which is related to 
the similar API gravity. For all samples, the primary absorption features of reflectance could be detected 
at 1720-1732 nm and 2301-2313 nm (P2 and P3 in Figure 53). A third primary absorption feature could 
be observed at 1200-1210 nm (P1) for all the samples except the lowest API oil sample 571.  
Table 12: API gravity and sulfur content for four crude oil samples. According to the API, the samples are classified as light and 
heavy API oils 
 
Secondary absorption features were also visible at 1640 and 1760 nm (S1 and S2). The different extent 
of the reflectance of the four samples is due to the differences in the composition of the organic 
compounds in the samples, i.e., alkanes that contain single carbon-carbon bonds (Clark et al., 2009), 
carbon-hydrogen bonds (C-H, C-H2 and C-H3), as well as double and triple bonds of aliphatic and 
aromatic compounds (Winkelmann, 2005). The other absorption features are a result of hydroxyl groups 
(O-H) (Pope & Fry, 1997; Yakovenko et al., 2002; Wu, 2008).  
 
Sample No. Well, No. API S % wt Density Age / Formation Oil field Sample type 
551 K 359 34.070 2.650 0.8546 E. M Eocene / Avanah Kirkuk Light crude 
571 Q 45 15.127 7.481 0.9650 E. Miocene / Jeribe Qaiyarah Heavy crude 
612 J 22 34.920 1.546 0.8500 E. Eocene / Aliji Jambur Light crude 
628 - 52.000 - 0.7470 - Jambur V.Light crude 1 
1 Condensed oil from natural gas. 
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Figure 53: Raw spectral reflectance of four crude oil types with different API gravity. P1, P2, and P3 are the primary absorptions 
features, S1 and S2 are the secondary absorption features. The water absorption features are shown in blue lines. The 
spectra before 400 nm and after 2400 were removed because of the noise 
 
4.3.2. Soil and crude oil spectral absorption (two-phase experiment) 
 
The reflectance of soil mixed with crude oil was investigated under defined conditions. The three selected 
oil samples were chosen according to API classes 628, 551 and 571 (see Table 12). Figure 54 shows the 
reflectance of oil-spiked soil samples with an increasing oil percentage from 0.1-11%. In general, the 
reflectance decreases with increasing oil content. The primary absorption features showed the oil 
contamination at wavelengths from 1200-1210 and 1720-1732 nm. At higher oil percentages – more 
than ca. 2% oil in the experiments – a third absorption feature occurred at 2301-2313 nm. These findings 
are in agreement with the results of Cloutis (1989), even though this author used a different setup and 
was investigating bituminous tar sands. 
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Figure 54: Reflectance spectra of different crude oil percentages in soil (sample 551). The primary absorption features are shown 
with shaded bands at wavelengths 1200-1210, 1720-1732 and 2301-2313 nm 
 
For quantitative analysis, the reflectance signals were transformed to the first derivative, i.e., the rate of 
change of reflectance per wavelength (Owen, 1996). The variations between the positive and negative 
values in the inflection point define the absorption amplitude. At the primary absorption features, the 
signal can be explained by the hydrocarbon content in soil (Figure 55). Among the studied wavelengths, 
the second band at 1720-1732 nm exhibits the most sensitive signal range for organic components within 
the whole spectra used. This is in harmony with the findings of Kühn et al., (2004) and Hörig et al., 
(2001), who found that the 1730 nm wavelength is typical for hydrocarbons and is suitable to calculate 
the HI. 
The negative peaks at ca. 1400 nm and 1900 nm are typical for water (Walrafen & Pugh, 2004), showing 
that even the residual water after air drying can be detected in the soil samples. In order to calculate the 
HI for the chosen wavelength, it was important to define the absorption peak boundaries (width and 
depth) by selecting the absorbance shoulders RA and RC and the lower reflectance values RB (Figure 30). 
Different wavelengths were recommended to calculate the HI from the second absorption. In order to 
identify the suitable absorption components (RA, RB, and RC), Kühn et al., (2004) used 1705, 1729 and 
1741 nm and Tian (2012) used 1699, 1729 and 1749 nm, respectively. By comparing the second band 
reflectance values with the results from phase one and two experiments, the wavelength shoulders 1705-
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1741 nm and 1699-1749 nm – with 1729 nm as a peak center – seems more suitable, because the 
minimum reflectance values for the point RB were between 1720-1732. For the artificially-contaminated 
soil samples, the HI values of the three crude oils were calculated using the Models I, II and III. For each 
model, the HI was calculated for both continuum boundaries. The HI values within the continuum 
boundaries 1699 and 1749 nm show higher values for all samples for all models (Y-axes in Figure 56). 
This finding was expected since the defined width of the continuum boundary is wider than the definition 
by Kühn et al., (2004). Therefore, the continuum with boundaries 1699 and 1749 nm was used for 




Figure 55: Comparison of the 1st derivative of raw reflectance spectra for different crude oil concentrations (sample 551) in the 
soil. The arrows pointing to the main three studied absorptions 
 
 
The sensitivity and the Detection limit (DL) of the HI change are depending on the oil type and used 
model. Starting with light crude oil samples 628 and 551, Models I and II showed positive values as DL, 
which means the presence of oil content by HI (See: 3.3.2.2. Calculation of the Hydrocarbon Index HI). 
The continuum boundaries (1966-1748) presented a positive HI of the oil content in the soil starts at 
0.28 % wt., and end with 0.59 % wt., which can consider as DL (Table 13). The DL showed relative 
similarity values of the samples 628 and 551. However, the sample 628 (as condensing natural gas) have 
a higher light percentage of the aromatic and aliphatic component.  Meanwhile, for the heavy crude oil 
sample 571, both models and continuum give the same DL values. 






Figure 56: The HI of two continuum boundaries (1966-1748) nm and (1705-1741) nm and absorption feature center at 1729 nm 
for three crude oil types with known contamination limits in the soil. The red point refers to oil sample No. 551, blue 
points are oil samples 628 and the green points are oil samples 571. The dark lines represent the present of HI for 
each model.  A. The model I, B. Model II, C. Model III. The circle size represents the oil content 
 
Model III explains that the presence of oil content depends on values higher than 1. The two-phase 
experiment showed that this model successfully detected the minimum added (around 0.1 % wt.) of the 
oil samples 625 and 551. That was even clear with very low API oil sample 571, which also have about 
0.4 % as DL. Comparing the DL values for all of the models for the three samples shows higher DL values 
for Model III compared to Models I and II. For testing the correlation with higher oil concentration, the 
continuum 1699-1749 nm for the three models was plotted against the three oil content types in the soil. 
Models I and III explain a better correlation between HI and oil content comparing with Model II (Figure 
57). 
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Table 13: The detection limits for used methods with three selected oil content in soil (two-phase experiment). The continuum 
boundaries (1966-1748) 
 
Model No. Model I (% wt.) Model II (% wt.) Model III (% wt.) 
DL of the HI (sample 628) 0.34 0.59 0.12 
DL of the HI (sample 551)   0.28 0.42 0.10 









Figure 57: Hydrocarbon Index (HI) for three oil types with three models. The used continuum boundaries (1699-1748) nm, and 
1729 nm as absorption minimum reflectance. The red color is oil sample No. 521, the blue color is oil sample No. 
628, and the green color is oil sample No. 571. A. The model I, B. Model II, C. Model III 
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4.3.3. Organic Carbon (OC) and Total Petroleum Hydrocarbon (TPH) of the field 
Samples from the Baba seepage 
  
Table 14 shows the OC and TPH percentage of the soil samples from the investigated seepage area. 
According to Hiederer and Köchy (2011), the soil organic carbon content OC for combined topsoil and 
subsoil layers in Iraq usually ranges from 0.01 to 1%. The plot of the samples with OC < 1% and TPH 
< 0.1% shows a low correlation (R2 = 0.57) due to the normal background soil OC content from natural 
sources, e.g., vegetation other than crude oil from the seepage (Figure 58 A).  
 
Table 14: The measured and calculated organic carbon (OC), total petroleum hydrocarbons (TPH) and hydrocarbon index (HI) 
to the Baba seepage samples  
 
The TPH content values for the samples 83, 11, 18 and 40 might explain crude oil sources (Figure 58 
A), while the OC values were less than 1%, which is considered as the natural OC level. Meanwhile, a 
high coefficient of determination (R2 = 0.97) for TPH and OC was calculated for samples with a TPH 
content > 0.1% and an OC content > 1%. This result points to a saturated source such as the seepage 
(Figure 58 B) for the TPH and the OC in the soil samples. It is interesting to note that the slope of the 
regression line increases from 0.03 to 0.51 in the OC range of 0.01-1% and the OC range higher than 
1%. This result could be an artifact that goes back to the limited integration of the FID-generated peaks 





















1 0.46 - 23 0.58 0.003 45 1.14 - 67 3.85 1.592 
2 0.46 - 24 0.46 0.003 46 0.35 - 68 0.42 0.005 
3 0.42 0.003 25 0.47 - 47 0.55 - 69 0.75 - 
4 0.54 0.003 26 0.47 - 48 0.53 - 70 0.48 - 
5 1.78 - 27 4.63 0.197 49 1.33 - 71 0.77 - 
6 0.74 - 28 19.79 7.226 50 0.78 - 72 0.44 - 
7 0.83 - 29 0.57 - 51 8.20 2.548 73 2.75 0.108 
8 0.31 - 30 0.45 - 52 0.40 0.003 74 1.17 - 
9 1.54 - 31 0.57 - 53 0.52 - 75 1.23 0.185 
10 0.41 - 32 0.57 - 54 0.47 - 76 0.39 0.003 
11 0.55 0.014 33 1.38 - 55 0.65 - 77 0.32 - 
12 3.16 1.158 34 0.65 - 56 0.59 - 78 0.52 - 
13 15.75 - 35 11.43 3.737 57 0.99 - 79 0.51 - 
14 1.94 - 36 7.83 4.521 58 7.52 - 80 0.63 - 
15 1.26 - 37 0.72 - 59 37.21 17.0 81 1.03 - 
16 0.47 - 38 0.64 - 60 0.70 0.006 82 1.21 - 
17 0.46 0.005 39 0.42 - 61 0.55 - 83 0.90 0.031 
18 0.70 0.013 40 0.41 0.009 62 0.82 - 84 5.45 0.972 
19 29.45 8.727 41 0.95 - 63 0.45 - 85 1.12 - 
20 74.21 39.164 42 23.79 - 64 0.58 - 86 0.84 - 
21 26.65 11.268 43 9.62 3.121 65 1.03 - 87 0.76 - 
22 0.66 0.007 44 0.51 0.004 66 1.64 - 88 1.87 - 
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As shown in Figure 59 for the soil chromatograms No. 67 and 73, there is still a substantial signal from 
hydrocarbons after the C40 standard, which is not integrated but will be measured and quantified by the 
HTO method. For example, the sample No. 20 from the center of the seepage (see Figure 28 C) shows a 
TPH content of ca. 39% and an OC of 74.2% (ratio of ca. 1:2). Salanitro et al., (1997) found that high 
concentrations of > C40 hydrocarbons can be a result of biological degradation processes. Higher carbon 
number species (C35 - C44, degradation rate 35-60%) are more recalcitrant against biodegradation than 
low chain hydrocarbons (C11 - C22, degradation rate 70-90%), which leads to an accumulation in the 
residual oil phase in the soil. 
 
Figure 58: The relationship between TPH and OC for the selected 30 samples. A. Samples with OC < 1% and TPH < 0.1%. B. 
Samples with OC > 1% and TPH > 0.1% 
 
 
Figure 59: Integrated chromatograms of two selected soilsamples, No. 67 and No. 73. Units are a response (y-axis) and time (x-
axis). Both samples show that existing higher fractions > C40 are not included in the integrated area 
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4.3.4. Mineral composition of the soil 
The XRD results for selected samples show various minerals that normally result from the weathering 
and erosion processes of geological outcrops in the study area (Table 15). The minerals concentration 
main values indicate the high presence of calcite, quartz, and chlorite. The reflectance signature for each 
mineral contains different absorption features (Figure 60 & Figure 61). For example, calcite (CaCO3) is 
present in all of the samples with high concentrations, which normally results from the erosion of 
limestone. Both calcite and dolomite also create an absorption feature within 2310-2315 nm.  
In this range, it could be expected overlap with the third hydrocarbon feature. A similar picture can be 
seen in the spectrum absorption feature of gypsum and dry vegetation within 1200-1205 nm, which is 
close to the first hydrocarbon feature and can affect the hydrocarbon feature by the overlapping 
combination. The central absorption feature at 1729 nm was unique for hydrocarbon compounds (Table 
15). However, the dry vegetation and gypsum have absorption features at 1750 and 1754, respectively, 
while all other main mineral phases do not affect the oil absorption features. 
 
























10.3 7.5 13.5 7.5 trace 6.6 7.5 - 
Palygorskite 7.1 3.3 5.7 Trace trace 6.7 3.8 - 
Quartz 31.3 19.5 25.6 23.9 26.9 19.8 24.5 - 
Chlorite 12.8 16.4 25 32.8 33.6 20.6 23.5 2325 (1) 
Illite 7.7 4.1 5.6 Trace 4.4 3.9 4.2 1724 (1) 
Calcite 31.4 22.1 24.6 35.7 28.7 26.9 28.2 2315 (1) 
Gypsum - 27.1 - - - 11.4 6.4 1205,1750 (1,2) 
Dolomite -  - - 6.2 4 1.6 2310 (1) 
Total wt 100.6 100 100 99.9 99.8 99.9   
Dry Vegetation        
1200, 1754, 2316 
(1) 
Data source: (1) NDVI spectral library, (2) (Moreira and Teixeira, 2014) 
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Figure 60 : The spectra of major minerals (Gypsum, Calcite, Sulfur, Dolomite) and two vegetation types in Baba seepage soil as 
well as the spectra for a crude oil sample. Note: The shown spectra are pure mineral spectra from the ENVI 4.7 
reflectance library. The P1, P2, and P3 are the primary absorptions features of oil spectra from field sample No. 20. 
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Figure 61: The spectra of major minerals (Quartz, Albite, Playgorskit, Illite, Chlorite) in Baba seepage soil as well as the spectra 
for a crude oil sample. Note: The shown spectra are pure mineral spectra from the ENVI 4.7 reflectance library. The 
P1, P2, and P3 are the primary absorptions features of oil spectra from field sample No. 20. It can be seen that there 
is a potential interference with primary hydrocarbon absorption features 
 
4.3.5. Hydrocarbon index (HI) and performance of the models 
 
The OC < 1% samples were plotted against the HI for each model. Due to the additional sources of OC 
besides oil, the linear regression fitting values for all of the models show no relation ( 
Figure 62). However, this result confirms the low correlation between OC and TPH (Figure 58 A). The 
samples 83, 11 and 18 can still explain TPH higher than 0.01 (Table 14). Thus, the samples with TPH 
less than 0.01 illustrate the origin of OC is not a result of the crude oil source. The OC > 1% that mainly 
resulted from crude oil source and the HI explain the high correlation.  





Figure 62: HI and OC with three used methods for samples of Baba seepage. The left three graphs represent OC less than 
1%. The right three graphs represent OC higher than 1% 
   112 
Starting with Models I and III, a good linear regression fitting was reached R2= 0.91( 
Figure 62). Meanwhile, Model II explains weak correlation with OC%. Model II is only able to distinguish 
between the high OC samples and shows less DL. The Non-normalized HI values caused the week 
correlation in Model II. However, Model I and II results of Baba seepage explain very similar correlation 
with linear regression giving R2= 0.99 (Figure 63). These models depend on different calculations, as 
Model I calculates the vertical line of the band depth and Model III calculates the ratio between 
absorption shoulders and the absorption center. In order to isolate the contaminated boundaries and 
according to McMillen et al., (2001), the accepted TPH limits were defined around 6.95% wt.  
Within Baba seepage, the HI values from Model III were plotted to represent each parcel (Figure 64). HI 
values above 1.0069 show the highly contaminated locations within the Baba seepage. The HI of this 
seepage will be the target of the using of the satellite data to evaluate the atmosphere effect as well as 
the accuracy of the selected bands of each chosen satellite.  
 
 
Figure 63: Cross-validation Model I vs. Model III for 88 soil samples using the continuum boundaries (1699, 1729, 1749 nm) 
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Figure 64: Organic carbon concentration map as HI values (Model III) to the Baba seepage 
 
 
4.3.6. Lineaments and seeps locations 
 
By plotting seepage and the results of the auto lineaments algorithm, many lineaments were not only 
found in outcrops of the Fatha cap rocks, but also in the younger formations. As demonstrated by using 
SRTM DEM input data, the accuracy of the resolution and the data processing methods can change the 
spatial characteristics of the lineaments, such as their quantity, length and direction. The auto lineaments 
algorithm was a valuable tool to generate multisets of lineaments for each input type with a minimum 
lineament length of 750 m required for detection. The use of shaded relief and aspect gradients was 
beneficial in detecting a high number of lineaments throughout the study area. 
However, by using slope gradient maps, the number of lineaments detected was generally lower, 
especially in very complex topographic areas like the Qara Chauq area and the Kirkuk anticline. Within 
5 km as unit area value, the result of density map for all lineament demonstrates a connection between 
high-density values and seepage locations, which also indicated that lineaments are the major reason for 
the occurrence of these seeps (Figure 65).  
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Figure 65: Lineaments and oil seeps spatial distribution based on DEM data of the AOI with their density maps in Kirkuk area 
(lift). Satellite image (Landsat 7) with a notified fault in the Bai Hassan field 
 
The lineaments potentially affected the cap rock Fatha Formation and increased the impact of the major 
faults that reached the oil body and created migration paths. Besides, structural geological maps can 
provide further evidence of promising locations for exploration. The dominating lineaments trends are 
NE-SW and NW-SE. According to the results, the highly distinctive appearance of the NE-SW trend is 
more related to macro seeps than micro seeps in the study area. The seepage appears to be controlled 
by major north-south faults that cut the surface perpendicularly in major anticlines (Pitman et al., 2004). 
The DEM explains major faults with either a parallel trend of anticline axis (Bai Hassan, Jambur) or 
cutting the anticline axis in different angles depending on the tectonic forces like Qara Chauq. Moreover, 
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5. Conclusions and recommendation  
  
5.1. General conclusion 
 
The natural crude oil fields and their surface seeps can contain a high environmental impact of the hydro 
and lithospheres in the area of Kirkuk. However, understanding and tracking the crude oil from the 
reservoir to the surface demanded numerous methods, which required the dealing with big data set and 
considerable efforts to extrapolate the final results. The main reason for the seepage in the AOI is the 
existence of many types of major faults like the Kirkuk normal fault, which was clearly marked in 
seismograms from the Avanah and Baba domes by the presence of many fractures and joints. The field 
evidence explains the effect of faults in the area by methane seepage, which migrates through these 
faults to the surface. 
5.1.1. Organic chemistry properties approach to correlate seepage and reservoir crude 
oil 
 
The source rocks are showing overlap between carbonate marine and non-marine rocks. In Kirkuk area, 
two main ages of the oil samples are present. The first is the carbonate or carbonate-rich shales source 
rocks age Jurassic – Early Cretaceous are present in the area of Kirkuk. In harmony with the C28/C29 
sterane results, the primary proven source rocks can be listed: 
1. The Middle and Late Jurassic, which represented by Sargelu and Naokelekan formations. 
2. The Late Jurassic - Early Cretaceous age, mainly Chia Gara Formation. 
The oil samples of Cretaceous reservoirs explain low values of Pr/Ph, which propose that the oils were 
generated from a source rock containing mainly marine organic matter deposited under reducing 
conditions with an effect of biodegradation and mature stage of occurrence. 
The seeps in the study area mostly occur by the fractures and the erosion of the regional anhydrite 
caprocks of the Fatha Formation, supported by the shallow depth of the Oligocene accumulation. Beside 
the seismic sections, seeps source results were shown in the C35 homohopane index and sulfur content. 
Seepage sources can explain different age, which might be Late Cretaceous as Shiranish Maastrichtian 
Formation or early Tertiary Aaliji or Jaddala Eocene formations. The vertical migration along faults is 
most likely the connection between the seepage samples and Baba Dome. 
Eighteen of twenty PAHs were detected in the selected oil samples, whereby light molecular weight PAHs 
are the dominating fractions. Generally, the light oils contain more PAHs than heavier oils. Meanwhile, 
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5.1.2. Hydrogeology approach to evaluating the salinity source 
 
In general, the area is subdivided into an upstream basin with high hydraulic gradients that are separated 
by the outcrops of the Fatha Formation in the anticline cores from a downstream basin with low relief 
and low hydraulic gradients. Despite being low in matrix hydraulic conductivity, the Fatha Formation is 
highly fractured and locally karstified with fractures generally oriented perpendicular to the anticline 
axis, allowing a hydraulic connection between the two basins. Springs at the upstream outcrops of the 
Fatha Formation indicate locally low permeability and disconnection of the basins. However, most of the 
springs are located close to the major fault system running in parallel to the anticline axes. These major 
faults – such as the Kirkuk thrust fault – reach the middle Oligocene-Eocene oil trap formations. 
In the upstream basin, shallow groundwater of calcium bicarbonate type with low salinity is present in 
the Mukdadia and Bai Hassan formations, above the Fatha cap rock. When reaching the highly fractured 
anticline axis with the outcrops of the Fatha Formation, dissolution of gypsum leads to an increase in 
salinity. In addition, the fracture systems in parallel to the anticline axes potentially enables an uprise of 
oil brines and hydrocarbons. Both processes cause a release of strontium into the water, with 
concentrations reaching up to 25 mg/l. Due to the connection of the two basins by the perpendicular 
fracture system, in general higher salinities (EC reach to 6500 µS/cm) are found in the Mukdadia and 
Bai Hassan formations in the downstream basin. Increased concentrations of calcium indicate the 
dissolution of gypsum while an increase in sodium is related to the dissolution of halite or mixing with 
oil field brine. 
Strontium isotopes proved to be a very powerful tool in distinguishing between mixing of groundwater 
with oil field brines or water originating from the Fatha Formation. In the study area, the latter is 
generally more likely, whereby groundwater results showed a strontium isotopic composition that 
suggests mixing with oil field brines. 
5.1.3.  Spectral reflectance approach to determine the characteristic of Iraqi crude oil 
 
The results were intended for testing the capability of using the unique absorption feature for the crude 
oil with three different models to calculate the HI. The spectral analyses of various crude oil types define 
the absorption features and the feature boundary. Moreover, the controlled increase of OC in selected 
soil samples fits with absorption depth size. The comparison of different continuum boundaries ends 
with concluding the combination of 1699, 1729, 1749 nm is more usable than the other hydrocarbon 
primary absorptions, because it can offer higher DL and it is not affected by any absorptions resulting 
from water or minerals. In addition to Model III, the normalization in Model I – by dividing the results 
into the reflectance spectrum or subtracting them from the apparent absorption – provides more accepted 
results. The TPH and OC classified Baba seepage samples into two groups: OC values higher than 1% 
indicate the direct influence of the crude oil seepage, while in samples with OC less than 1% the OC 
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must originate from other sources. The absorption band 1720-1732 nm presents a good OC indicator 
even for heavy crude oil types, even though the band 2301-2313 nm is recommended for such crude oil 
types. The high concentrations of calcite in of all the samples beside the dolomite as a member of the 
CO3 group makes the chosen third absorption 2301-2313 nm unsuitable due to the spectral interference.  
The Model III shows very good fitting between the calculated and measured organic carbon. While Model 
I is still wildly used to calculate the band depth (Moreira and Teixeira, 2014), Model III offers very 
similar results. Moreover, Model III is easily applied than Model I. This due to its use of the selected 
absorption values directly with no need to calculate HI from the RD point within the continuum line. 
Finally, the results show the usefulness of calculating the HI from hyperspectral data to the same oil 
seepage and other seeps in Baba area, as well as known oil-filled locations.  
Different remote sensing techniques were used to identify the correlation between faults, fractures and 
joints and the occurrence of hydrocarbon seeps from oil fields in the Kirkuk area. Different lineament 
pattern characteristics like major trending, spatial distribution and length can be used in a structural 
model to highlight weakness zones in selected formations. Therefore, the combining the input data and 
the results of the main approaches lead to a conceptual understanding of the comprehensive situation in 





1. The historical documented field survey data referred to locations changing with some natural crude 
seeps during the last 30 years. Therefore, hyperspectral satellite images can be used for producing 
high-resolution maps of seeps locations within constant time intervals. The recommended and 
available hyperspectral sensors such as the EnMAP (Environmental Mapping and Analysis Program) 
or unmanned aerial vehicle (UAV) images will be used in future studies to classify the contamination 
zones as well as the concentration level the for natural and artificial seepage. 
2. Several studies explain the toxic impacts of PAH mixtures on human ingestion (Rengarajan et al., 
2015; Varjani et al., 2018). Thus, the PAH findings of the crude oil samples in Kirkuk area can be a 
basis for a similar study with soil and water samples, before subsequently comparing the results with 
the German Drinking Water Ordinance Guideline and the World Health Organization (WHO). 
However, WHO provides a guideline value for limited PAHs types like Benzo[a]pyrene. 
3. The results of this study cover the time between 2012-2016, the new active tectonic developments 
were recorded with high frequency and amplitude earthquakes like November 2017 (USGS, 2017) 
with a moment magnitude of 7.3 based on the Richter scale. Such a situation highlights the role of 
remote sensing data to define the new lineaments as an accurate, rapid tool. 
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Figure 66: A schematic model for Kirkuk anticline explains the hydrogeological and hydrogeochemical between the two 
basins. The water type is presenting the groundwater in Mukdadia, Bai Hassan and, Quaternary formations (Sahib 
et al., 2016) 
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Appendix   
 
 
Figure – App. 1: The upper red beds of the Fatha Formation 
in Baba Dome – Kirkuk anticline 
 
 
Figure – App. 2: The seepage beds of the Fatha Formation in 
Baba Dome – Kirkuk anticline 
 
 
Figure – App. 3: Mukdadia Formation angular unconformity 
south of Kirkuk anticline 
 
Figure – App. 4: The axis of anticline Kirkuk showing 
outcrops of Fatha Formation in Baba Dome  
 
Figure – App. 5: An epigene caves in gypsum-rich layers in 






Figure – App. 6: Traces of sulfur at the surface within Fatha 
Formation in Baba Dome Kirkuk 
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Table App - 1: Bulk oil composition, API gravity, sulfur content. The results are separated after their oil fields and well depth, 
which is given with elevation starting at RTKB. 
Well 
name 















K 227 Kirkuk/ Baba Aptian - L. Sarmord 2065 34.45 2.37 21.47 63.78 10.25 4.52 
K 229 Kirkuk/ Baba Aptian - L. Sarmord 1970 34.32 2.74 35.66 43.52 16.59 4.23 
K 429 Kirkuk/ Baba 
Albian - 
L.Qamchuqa 
1450 37.46 2.32 36.07 51.1 10.2 2.65 
k 218 Kirkuk/ Baba 
Albian - 
L.Qamchuqa 
1650 29.44 3.3 13.82 62.12 20.5 3.55 
K 411 Kirkuk/ Baba 
Albian - 
L.Qamchuqa 
1460 37.1 2.31 42.91 41.21 121 3.91 
K 3341 Kirkuk/ Baba 
Albian - 
U.Qamchuqa 
1142 27.8 3.13 33.7 43.2 13.5 9.5 
K 337 Kirkuk/ Baba 
Albian - 
U.Qamchuqa 
1212 30.7 2.76     
K 410 Kirkuk/ Baba Oligocene – Baba 390 34.11 2.51 34.02 41.03 20.48 4.47 
k 425 Kirkuk/ Baba Oligocene – Baba 419 31.81 2.51 32.92 52.67 13.57 5.79 
k 424 Kirkuk/ Baba Oligocene – Baba 441 34.38 2.48 31.24 52.09 12.52 4.16 
K 263 Kirkuk/ Baba Oligocene – Baba 657 34.51 2.16 33.7 47.88 16.59 1.94 
K 280 Kirkuk/ Baba Oligocene – Baba 655 34.49 2.56     
K 324 Kirkuk/ Baba Oligocene – Baba 438 29.54 2.03     
K 412 Kirkuk/ Baba Oligocene – Baba 390 33.52 2.76     
K 407 Kirkuk/ Baba 
Oligocene - 
Bajawan 
424 31.86 2.23 32.23 52.01 12.4 3.37 
K 366 Kirkuk/ Baba 
Oligocene - 
Bajawan 
438 32.37 2.59 23.9 60.68 11 4.43 
k 427 Kirkuk/ Baba 
Oligocene - 
Bajawan 
425 32.93 2.63 28.22 58.62 10.85 4.76 
k 259 Kirkuk/ Baba 
Oligocene - 
Bajawan 
604 33.12 2.38     
K 371 Kirkuk/ Baba 
Oligocene - 
Bajawan 
464 34.46 2.17     
K 392 Kirkuk/ Baba 
Oligocene - 
Bajawan 
420 34.49 2.38     
K 265 Kirkuk/ Baba Oligocene – Palani 573 35.85 2.79     








































Eocene – Avanah 685 34.77 2.62     












Eocene – Avanah 736 34.56 2.33     
SK 614 Kirkuk/ Baba Seepage 0       
SK 615 Kirkuk/ Baba Seepage 0 9.09 4.50     
SK 616 Kirkuk/ Baba Seepage 0 8.52 2.78     
bh134 Bai Hassan 
Pliensbachian - 
Butima 
1862 23.44 4.53     
bh13 Bai Hassan Aptian - L. Sarmord 2210.4 24.74 4.36 17.41 51.65 20.58 10.91 
bh96 Bai Hassan 
Cenomanian - 
Dokan 
2040 20.39 5.04 
13.79
5 
58.72 21.89 5.591 
bh157 Bai Hassan Oligocene – Baba 1496 32.64 3.11 29.63 49.49 16.38 4.51 
bh29 Bai Hassan Oligocene – Baba 1463 31.86 2.91 29.91 42.24 21.02 7.14 
bh49 Bai Hassan Oligocene – Baba 1515 30.87 3.24 15.26 57.83 21.31 5.7 
bh71 Bai Hassan Oligocene – Baba 1465 33.39 3.08     
bh88 Bai Hassan Oligocene – Baba 1425 26.58 3.34     
bh179 Bai Hassan Oligocene – Baba 1482 31.47 3.12     
bh132 Bai Hassan Oligocene – Baba 1510 31.68 3.06     
bh60 Bai Hassan Oligocene – Palani 1520 30.04 3.07 27.55 57.86 10.47 3.45 
bh42 Bai Hassan Oligocene – Palani 1537 31.94 2.92     
bh8 Bai Hassan Eocene – Avanah 1610.8 31.44 3.02     








3007 31.26 2.34 
24.33
5 












2924.1 32.3 1.63 50 45.7 4.1 1.2 
Kz18 Khabbaz Oligocene – Baba 2346 33.41 1.84 35.83 53.7 5.24 2.14 
J16 Jambur Aptian - L. Sarmord 3501.5 43.31 1.41     
J 63 Jambur 
Albian - 
L.Qamchuqa 
3501.5 35.17 1.45 31.02 58.44 8.51 1.65 
J 59 Jambur 
Albian - 
L.Qamchuqa 
3190 30.03 1.02     
J 20 Jambur 
Albian - 
U.Qamchuqa 




3228 34.92 1.54 28.17 59.62 10.77 1.45 
J 45 Jambur Miocene - Srekagne 1982 37.6 1.14 40.4 47 11.2 2.3 
Q 75 Qaiyarah 
Miocene - 
Euphrates 
296 11.86 7.73     
Q 73 Qaiyarah 
Miocene - 
Euphrates 
304 15.66 7.84     
Q 45 Qaiyarah Miocene – Jeribe 237 15.13 7.48     
Q 38 Qaiyarah   15.12 7.84     
SQ 81 Qaiyarah Seepage 0 9.89 6.45     
SQ 82 Qaiyarah Seepage        
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